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Abstract 
Pollution of coastal sediments is a worldwide problem. Discharged 
contaminants discharged can precipitate in sediments and accumulate in aquatic life 
via the diet through food chains. Moreover, under specific chemical and physical 
conditions, sediment bound substances may be remobilized from sediments and 
re-enter surface water. In Hong Kong, although water pollution has been improving 
progressively, large amounts of contaminated sediments remain untouched and could 
be harmful to the aquatic environment. The objective of this study was to analyze 
sediment toxicity using a single fish species. Contents of heavy metal in coastal 
sediments collected from different zones in Hong Kong were measured to evaluate the 
bioavailability of heavy metals and trace organics in sediments. Afterwards, male 
Tilapia hybrid {Oreochromic niloticus x Oreochromic aureus) fish were exposed to 
different concentrations of sediments. Heavy metals in different organs and different 
biomarkers were analyzed in order to evaluate the utilization of biomarkers in 
reflecting contamination levels in sediments affecting biological systems. 
Sediments collected from Victoria Harbour (VH), Deep Bay (DB) and Fo Tan (FT) 
contaminated with metals were acute- (Cu and Zn) and chronic-toxicity (Cd and Pb) 
to aquatic life. Sediments collected from VH were contaminated with trace organics 
and were acute-toxic. However, there was no significant difference in the 
ii 
concentrations of metals between VH, DB and Tolo Harbour (TH) sediments. Fewer 
metals were found in Lai Chi Wo (LCW), but the concentrations of Zn and Cu still 
caused chronic toxicity to aquatic organisms. Metals speciation results varied with 
sites and did not follow similar trends as total metals contents. 
Tilapia accumulated metals in a dose and time dependent manner after exposure to 
contaminated sediments. Exposure to FT and Kwan Tong (KT) sediments resulted 
in the highest Cd，Cu and Zn uptake, while exposure to Lau Fau Shan (LFS) 
sediments resulted in highest Zn uptake in the three organs. Clear dose and time 
relationships in hepatic and gills metallothionein (MT) and cytochrome P450 
(CYP1A), hepatic alanine transaminase (ALT), hepatic DNA damage induction and 
gills and muscle creatine kinase (CK) inhibition was observed after exposure to 
sediments and indicated the possibility of using these biomarkers for assessing 
toxicity of sediments. However, dose response and time course relationships of 
plasma vitellogenin (Vtg) and hepatic aspartate transaminase (AST) were not clear. 
Guideline for sediment was suggested and sediments were classified into five 
degrees of toxicity. KT sediments had the highest toxicity. Kowloon City, Wan 
Chai and FT sediments were also classified as toxic, while Shan Bui River and LFS 
sediments were classified as moderately toxic. Finally, Tsim Bei Tsui and Wu Kai 
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1.1 Marine pollution in Hong Kong 
The Hong Kong Special Administrative Region (HKSAR) has a land area of 
1,098km2 and coastal marine waters of 1,656km2, the latter is contained multiple 
marine organisms including plankton, coral, fish and dolphins. However, due to 
urban development and population growth, wastes discharged into the coast increase, 
resulting in poor water quality in Hong Kong. Besides, human activities, such as 
recreation, supplies of cooling and flushing water, sea transport, are common in these 
coastal waters. In order to protect the coastal marine water quality, Water Quality 
Objectives (WQOs) have been established by the Environmental Protection 
Department of the HKSAR Government. Hong Kong marine waters are divided into 
ten water control zones including Tolo Harbour (TH) and channel, Deep Bay (DB), 
and Victoria Harbour (VH), etc. In each water control zone, parameters including 
measurement of dissolved oxygen, nutrients, unionized ammonia and E. coli, 
monitored regularly to comply with WQOs. In 2000, there were a total of 93 water 
monitoring stations with 75 in open waters sampled once a month, and 18 in typhoon 
shelters sampled once every two months (HKEPD, 2000). 
Water quality has been generally improved in the past decade. In 2000, the 
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overall compliance with the four key marine WQOs in the territory was 87% and was 
the highest in the past 10 years (HKEPD, 2000). For example, in TH, significant 
long-term decreases in organic pollutants as reflected by 5-day biological oxygen 
demand (BODs), coliform sewage bacteria, nutrients and an increase in dissolved 
oxygen were observed. 
Not all of the parameters have improved since the introduction of WQOs. Due 
to increases in population and urbanization, the total amount of untreated effluent 
discharged into the coastal waters in Hong Kong in 2000 was estimated to be around 
860 million cubic metres, representing an 8% increase from the previous year 
(HKEPD, 2000). Faecal pollution has worsened in the last 15 years in VH, Eastern 
Buffer, Junk Bay and Western Buffer water control zones. Aside from local 
pollution, transboundary contamination has been more serious with rapid 
development in the region of the Pearl River delta. The western and southern Hong 
Kong waters are impacted by the Pearl River flow which transports brings pollutants 
everyday. Guangzhou, Foshan, Dongguan and Shenzhen are the other major urban 
sewage dischargers in the vicinity of the Pearl River Estuary. 
Impairment to sediments, aquatic life, and human activities may occur due to 
these inputs (Birch and Taylor, 2001). Human activities especially dredging may 
also allow chemical contaminants in sediments to enter habitats and food chains. 
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1.2 Contamination of sediments 
Contaminants in sediments may be released to the aquatic environment under 
favorable condition. Heavy metals and trace organics can be bioaccumulated and 
enter the food chain possibly allowing human exposures. Surface sediments contain 
most of the bioavailable fraction of contaminants. For example, all Cd was observed 
in the upper 6 cm of Hong Kong sediments (Kwon and Lee, 2001). Therefore, 
assessing surface sediment toxicity and establishing guidelines for assessment is 
important to minimize impacts to benthic communities. 
Heavy metals are often referred to as trace metals, as they occur in low 
concentrations in organisms. The term, trace metal, might also indicate the element 
is essential for organisms. Although many trace metals are important in plant and 
animal nutrition, they pose a health threat to organisms when their concentrations 
become elevated. One major reason for increasing concentrations of heavy metals in 
the environment is human activities (Ho and Hui, 2001; Liang and Wong, 2003). 
Heavy metals are not easily eliminated from aquatic ecosystems by natural processes 
and they tend to accumulate in bottom sediments. Remobilization allows metals to 
enter the biological food chain. Thus, concentrations of metals in sediments are 
higher than concentrations of metals in water (Robert, 1990). 
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1.2.1 Metals contamination in coastal sediments of Hong Kong 
Contamination by heavy metals is a serious problem worldwide (Chapman et al., 
2002; Ho et al., 2002; Birch and Taylor, 2001). Sediments in VH were 
contaminated with copper, lead, chromium and (Cheung et al., 1997). In Fo Tan 
(FT), an industrial region in TH, sediments had high levels of copper, zinc, lead, 
nickel, cadmium and chromium (Zhou et al., 1998). And the sediments in VH, Yim 
Tin Tsai, and Mai Po marshes were heavily polluted (Wong et al., 2000). According 
to HKEPD annual reports, sediments in Victoria Harbour had the highest levels of 
heavy metals, especially copper and silver (HKEPD, 2000). In all the stations in VH, 
the copper level was above Upper Chemical Exceedance Levels (UCEL) and with 
copper content more that 65 mg/kg dry weight. In some of stations in the VH, the 
levels of lead, chromium, mercury and zinc were also very high. And in DB, high 
levels of zinc and arsenic were also found in sediments. In sediments of TH, high 
levels of lead and zinc were found (HKEPD, 1999). There are four metals of major 
concern in Hong Kong: cadmium, copper, lead and zinc. 
Cadmium (Cd) is a non-essential transition element. It is accumulated in gills, 
liver, and kidney of fish, where binds with cysteine residues of metallothionein or 
components of other Cd-binding proteins. The major pathways of Cd accumulation 
in fish are absorption across the gill surface and uptake across the intestinal mucosa 
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(Chowdhury et al., 2004; Szebedinszky et al, 2001). The effects of Cd on fish 
include destruction of respiratory function and necrotic damage (Chowdhury et al, 
2004; Iger et al, 1994). Cd may also cause anemia and vertebral (Larsson, 1977), 
and osmoregulatory dysfunction in fish (Reid and McDonald, 1988) as it blocks 
sulfhydryl groups in enzymes and competes for binding sites that are essential for 
normal enzyme function (Allen, 1994). Approximately 0.07 to 0.34 |xg/g of Cd in 
fish muscle have been associated with lethality (Handy, 1993). Cd is carcinogenic 
in humans (IARC, 1993; Pinot et al., 2000). The major sources of Cd in Hong Kong 
are discharged related to electroplating factories, illegal industrial into streams and 
sewage treatment plants. Other sources included discharge from the plastic industry 
and nickel cadmium batteries world-wide (Pinot et al, 2000). 
Copper (Cu) is an essential metal and can be accumulated in tissues such as the 
liver if ingestion exceeds the nutritional requirement in organisms. Cu is an essential 
component of many enzymes and glycoproteins in plants and animals. The liver is a 
vital organ in maintaining internal Cu homoeostasis. Hepatic accumulation is both 
time- and concentration-dependent. The toxic effect of Cu to fish includes direct 
injury of hematopoietic tissue surrounding kidney tubules, decreased serum protein, 
and decreased osmolarity (De Boeck et al., 2001; Romeo et al., 2000). Cu can cause 
sublethal impairment of respiration (Sellers et al., 1997), osmoregulation (Reid and 
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McDonald, 1998), lower growth rates (Eastwood and Couture, 2002) and death 
(Handy, 1993; Sorensen, 1991). The major sources of Cu in Hong Kong include 
smelter discharge, fertilizers, runoff with fungicides or bactericides, or manure from 
pigs and poultry farms in the past (Ho and Hui, 2001). 
Lead (Pb) is a non-essential element. Since Pb targets the bone, it is processed 
as calcium because of chemical resemblance to calcium. However, tissues other 
than bone also store Pb in fish (Rogers et al., 2003). Pb could be absorbed by the 
epithelium of both the gills and intestine (Allen, 1995). Kidney, gill, and liver 
tissues tend to accumulate the highest levels of Pb during aqueous or dietary 
exposures (Camusso et al., 1995; Rogers et al., 2003). Pb poisoning in fish results 
in hematological, neuronal, and muscular impairment similar to those observed in 
mammals (Haffor and Al-Ayed, 2003; Rademacher et al., 2005). These include 
black tails, lordoscoliosis, pigment pattern alterations, and coagulation of surface 
mucus (Sorensen, 1990). Pb is a neurotoxin that causes behavioral deficits in fish 
within days of exposure to sublethal concentrations and these effects can persist after 
removal from exposure to the contaminants (Weber and Dingel, 1997). Pb reduces 
survival, growth rates, and development (Eisler, 1988). In Hong Kong, runoff from 
roads and highways are the major input for lead in sediments, resulting from 
automobile exhaust (Sorensen, 1991). 
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Zinc (Zn) is an essential element for a number of enzymes, including carbonic 
anhydrase carboxypepidase, superoxide dismutase, and lactate dehydrogenase 
(Sorensen, 1991). It is essential for normal cell differentiation and growth in 
animals (Bhatnagar and Natchu, 2004). Zn can be toxic to fish in high 
concentrations, causing mortality, growth retardation, tissue alterations, and 
respiratory changes (De Schamphelaere and Janssen, 2004; Hemalatha and Banerjee, 
1997; Serra et al., 1996). 
Speciation of metals is critical to understanding environmental behavior, mobility, 
bioavilability and toxicity (Chattier et al., 2001). Free ions are the most available 
form. Different species of metals are present in sediments (Campbell et al, 1998). 
Using metal speciation in study, the extraction fraction followed the decreasing 
solubility order of: exchangeable, carbonate, Fe-oxide, organic and residual (Ma and 
Rao. 1997), the solubility was related to the bioavailability which decreased in the 
same order (Zhou et al., 1998). And metal bound to different fraction were subject 
to dissolve when condition changed, for example, pH, organic substances, etc. And 
metals uptakes in different organs were related to different concentration in different 
fraction (Zhou et al., 1998). 
1.2.2 Other contaminants in sediments 
7 
Persistent organic contaminants like poly chlorinated biphenyls (PCBs), 
polycyclic aromatic hydrocarbons (PAHs) which are usually present at very low 
concentrations in the environment (Cheung et al., 1997). In the last five years, the 
total PCBs levels in sediments of Hong Kong have declined to low and the total PCBs 
levels were below the Lower Chemical Exceedance Levels (LCELs) in most of the 
territory (HKEPD, 2000). The average levels of PAHs in the marine sediments of 
Hong Kong in 1998-2000 were also very low with all stations below the LCELs 
(HKEPD, 2000). However, in other study, PCBs and PAHs were found at high 
levels (63.76 ppb) in Victoria Harbour (VH) (Wong et al., 2000). 
Environmental estrogens are chemicals with similar bioactivity to endogenous 
estrogen. They can affect growth and development (Kleinkauf et al., 1994), sexual 
maturation, and are implicated as cancer promoters (Colburn et al., 1992). The 
major sources of environmental estrogens are discharged estrogens from domestic 
waste water, plasticizers, detergents and some pesticides (Hashimoto et al, 2005; 
Jobling et al., 1995). 
Moreover, in sediments, some compounds are genotoxic (Gagne et al.y 1996), like 
Cd and a number of organics, such as of naphthalene (NAP) and b-naphthoflavone 
(BNF) (Teles et a/., 2003). 
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1.3 Sediment toxicity assessment 
Analytical chemistry of sediments can only provide reference and baseline 
information to understand the chemical conditions of the sediments. Interactions 
between contaminants may affect their uptake in fish (Pelgrom et al., 1994). Thus, 
risk and toxicity of contaminants cannot be assessed by the determination of 
individual compounds. 
Biological responses can provide a sensitive assessment of toxicant risk. Also, 
early warning signals of pollution at sublethal levels can be provided. Effects of 
contaminants on higher levels of biological organization can be predicted by the 
results of biomarkers at sub-lethal level. Thus, biological responses can be used as 
an indicator for the contaminations in environment as biomarkers (Daglish and 
Nowak, 2002; Flammarion et al., 2002; George et al., 2004; Kleinkauf et al, 2004; 
Wong et al, 2000). 
1.4 Fish as biological indicators of contaminant stress 
Pollutants, like heavy metals and lipophlic trace organics can be taken up and 
accumulated by marine organisms exposed to contaminated sediments. Pollutants 
can be accumulated at different trophic levels (Cheung et al., 1997). Fish are ideal 
bioindicators for pollutant accumulation since they can represent the highest trophic 
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levels in aquatic systems and are widely distributed (Burger et al., 2002; Vigh et al., 
1996). Fish accumulated heavy metals in different organs after exposure to 
waterborne metals (Cinier et al，1997). In field studies, fish sampled from industrial 
areas and exposed to contaminated waste water had higher metal contents in different 
organs (Amundsen et al, 1997; Andres et al., 20000; Arnac and Lassus, 1985; 
Bervoets and Blust, 2003; Edwards et al., 2001; Lima Junior et al., 2002; Zhou et al., 
1998). Gills (Daglish and Nowak, 2002) and liver (Chen and Chen, 1999; Hollis et 
al,, 2001; Sorensen 1991) in rainbow trout showed uptake of waterborne metal (Cd) 
exposure. 
Tilapia is one of the most common fish species found in local waters. It can live 
in fresh water and brackish water. A Tilapia mainly feeds on plant, alga and dead 
plants but sometimes it can eat some small crustaceans like shrimps and worms. It is 
widely cultured for food in Asia and Africa especially in developing countries. The 
advantage of using Tilapia in exposure experiments is that it is easily cultured in 
warm water. 
Tilapia is capable of significant accumulation of metals in fish of different age and 
weight (Rashed et al., 2001). Metals can be accumulated in different target tissues. 
Gills, liver and viscera were the major sites of metal accumulation. In Hong Kong, 
sediments and Tilapia from polluted urban and industrial areas had more metals than 
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uncontaminated sites (Shen et al., 1998; Wong et al., 2000; Zhou et al., 1998). 
1.5 Biomarkers for toxicity assessment 
Some biological responses are commonly used as biomarkers of exposures to 
chemical pollutants. Expression of metallothionein (MT) (Chan, 1994; 1995; 
Cheung et al., 2004; Gagne et al, 1996; Wong et al., 2000) responds to heavy metals, 
which treated as biomarker of exposure to heavy metals contamination. Expression 
of cytochrome P450 (CYP1A) can be used as a biomarker of exposure to planar 
organics molecules, such as dioxins (Wong et al., 2000). Vitellogenin (Vtg) is a 
biomarker of exposure to environmental estrogens (Garcia-Reyero et al, 2004; 
Sumpter and Jobling, 1995). 
Enzyme biomarkers in plasma are used for indicators of liver (alanine 
transaminase, ALT, and aspartate transaminase, AST) or muscle damage (creatine 
kinase, CK) (Almeida et al., 2001). DNA damage caused by genotoxic compounds 
can be measured by the comet assay (Cabrita et al” 2005; Cotelle and Ferand, 1999; 
De Andrade et al, 2004). 
1.5.1 Metallothionein 
Metallothionein (MT) is a low molecular weight cysteine-rich protein 
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(6000-7000 Daltons and 60-62 amino acids). It has high affinity for divalent metal 
ions, and is regulated by essential trace metals and changes in cellular redox potential. 
MT can be induced to detoxify specific metals (Kagi，1991). Fish (rainbow trout) 
hepatocytes were induced following exposure to sediments extracts (40%) (Gagne et 
al” 1996) and to wastewater (Risso-de Faverney et al, 2001). Hepatic MT was 
induced after exposure to individual metals, like Cd, Cu, Zn, arsenates and mercury in 
fish (Griffin et al., 1997; Hollis et al., 2001; Perkins et al, 1997; Roesijadi 1992; 
Schenk et al., 1997). In Tilapia, hepatic MT expression was associated with metals 
exposure in a dose and time dependent manner (Shen et al., 1998; Wu and Hwang, 
2003). Tilapia larvae also induced hepatic MT in a dose and time dependent manner 
after Cd exposure (Wu et al” 2000). 
Field studies were also conducted testing MT as a biomarker for metal exposure. 
Mercury levels in bass muscle were related to hepatic and gill MT mRNA. 
Concentration of mercury, liver MT mRNA and gills MT mRNA were significantly 
higher in contaminated sites than control sites (Schlenk et al, 1995). Zn and Cu 
were also highly related to mullet and Tilapia liver MT levels (Liu et al., 1996) in 
field. Laboratory and field studies have indicated MT can be used as biomarker for 
exposure to heavy metals (Zn, Cu, and Cd) in (Lam et al., 1998; Wong et al, 2000; 
Wu et al, 1999; Ueng et al., 1996). 
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1.5.2 Cytochrome P450 1A 
Cytochrome P450 1A (CYP1A) is considered as a sensitive biomarker to planar 
organics contaminant since it is induced for detoxification by many toxicants. 
CYP1A catalyzes the oxidation of lipophilic toxicants to produce more polar 
hydroxylated and epoxidated products (Peronen et al., 1992), which facilitates their 
excretion from the animal (Parke et al, 1990). It is induced by PAHs and PCBs 
(Stegeman, 1989) and serves as a biomarker for exposure to to PAHs and PCBs 
(Payne et al., 1992). In rainbow trout hepatocytes, CYP1A was induced following 
exposure to 70% of sediment extracts (Gagne et al” 1996) and to wastewater 
(Risso-de Faverney et al, 2001). Hepatic CYP1A mRNA increased in fish in a dose 
and time dependent manner following injection with organics (Zapata-Perez et al., 
2002). 
In Hong Kong, Tilapia intestinal and liver CYP1A was induced after exposure to 
contaminated sediments from VH for 3 days compared to reference locations (Wong 
et al, 2001). CYP1A in Tilapia has been used for the detection of planar organics in 
several studies (Bainy et al., 1996; Gadagbui et al, 1996; Ueng et al., 1996). 
1.5.3 Vitellogenin (Vtg) 
Vitellogenin is a phospholipoglycoprotein which is an egg yolk precursor typically 
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expressed in female fish. However, if male to absorb environmental estrogens, 
expression ofVtg in liver may be enhanced and released into the plasma. Therefore, 
Vtg can be a biomarker for estrogen exposure (Heppell et al., 1995; Sumpter and 
Jobling, 1995). Plasma Vtg concentrations in different species of male fish were 
induced in contaminated sites in field studies where high concentrations of 
environmental estrogens were present (Garcia-Reyero et al., 2004; Hecker et al., 2002; 
Hemming et al” 2004; Kleinkauf " al., 2004; Ma et al., 2005; Mellanen et al., 1999). 
Different species of fish exposed to estrogens also induced high levels (30 times) of 
vitellogenin mRNA in liver (Casini et al., 2002; Celius et al., 2000; Garcia-Reyero et 
al., 2004; Van den Belt et al., 2003). 
1.5.4 Enzymes biomarkers: Alanine transaminase; aspartate transaminase and 
creatine kinase 
Alanine transaminase (ALT) and aspartate transaminase (AST) are enzymes 
important in the processing of amino acid metabolism in the liver. If present in the 
plasma, liver damage is likely (Hoff et al., 2003, Oluah, 1999). Chronic exposure to 
sublethal concentrations of heavy metals leads to changes in activities (Smet and 
Blust, 2001). Moreover, both enzymes are induced after exposure to different kind 
of contaminants, like organics and perfluoroctane sulfonic acid (Feeley, 1995;Hoff 忍广 
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al., 2003; Natarajan, 1985; Philip and Rajasree, 1996; Pacheco and Santos, 2002; 
Reddy et al, 1991; Seacat et al,, 2003). 
Induction of plasma ALT and AST in fish caught in contaminated sites was found 
(Laroche et al, 2002; Levesque et al, 2002). An increase in the plasma levels of 
these enzymes may likely be due to necrosis of hepatocytes (Oluah, 1999). ALT and 
AST in carp liver also increased after Cd exposure (Smet and Blust, 2001). Other 
fish species also showed similar ALT and AST elevation after metals exposure (Hilmy 
et al., 1985). 
Creatine kinase (CK) is a dimeric enzyme and catalyzes the interconversion of 
creatine phosphate to creatine. It provides a mechanism for the transport of 
energy-rich phosphate from the mitochondria to the myofibrils (Eric et al., 1978). 
Since it is important in the energetic of contraction in muscle, creatine is abundant in 
muscle and brain. Inhibition of CK was found in muscle of Tilapia after exposure to 
waterborne Cd (Almeida et al., 2001). The inhibition of CK by Cd is due to 
competition with substrates (phosphocreatine and magnesium 
adenosine-5'-phosphate). Cd binds with the sulphydryl sites in the enzyme (Arauji 
et al., 1996). Other metals also inhibit CK activity in fish, including tibutyltin 
(Arauji et al., 1996; Zhou et al., 2002; Grzyb et al, 2003). 
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1.5.5 DNA damages detected by comet assay 
DNA damages in eukaryotics cells caused by genotoxic compounds can be 
evaluated by the comet assay (Fatur et al., 2002; Nehls and Segner, 2001). The 
Comet assay is a relatively simple and sensitive measurement of DNA damage 
(Gabbianelli et al., 2003; Rajaguru et al., 2003). DNA damage due to single and 
double strand breaks, alkali-labile sites or/and incomplete excision repair events in 
single cells can be evaluated through visualization of fluorescent dyes in DNA. The 
Comet assay has been applied in field studies evaluating the effects of industrial 
effluents in mullet and sea catfish (Andrade et al, 2004) and dab (Akcha et al., 2004). 
1.6 Objectives 
Multi biomarkers method has been used for sediments toxicity in field or exposure 
to one metal (Almeida et al., 2001; Almeida et al., 2002; Gagnon and Holdway, 1999; 
Wong et al” 2002). However, exposure to sediments collected from field and 
analysis of biological responses has not been well studied. 
The objective of this study was to analyze the toxicity of sediments using a single 
fish species, Tilapia, as a biological indicator. Heavy metal contents in coastal 
sediments collected from different zones in Hong Kong were measured. Male 
Tilapia hybrids {Oreochromic niloticus x Oreochromic aureus , a common fish species 
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found in Hong Kong, was chosen as a model and exposed to different concentrations 
of sediments. Heavy metal contents in different organs and different biomarkers of 
exposures such as MT, CYP1A, CK, ALT, AST and DNA damage were analyzed in 
order to evaluate the possibility of biomarkers to reflect. The information obtained 
would be useful for biomonitoring of the effects of sediments on local fish in coastal 
areas of Hong Kong and classification sediment toxicity. 
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Chapter Two 
Concentrations of Heavy Metals and Trace Organics in Coastal Sediments 
Collected from Victoria Harbour, Deep Bay, Tolo Harbour and Lai Chi Wo 
2.1 Introduction 
Metals are natural constituents of the marine environment, some are present at 
very low concentration, considered as trace metals, and are essential for life. For 
examples, chromium (Cr III), selenium (Se), Cu and Zn are well known essential trace 
metals. However, essential metals will pose a health threat in organisms when metal 
concentrations exceed safety. 
Heavy metals are introduced into the marine environment from domestic, 
industrial and mining sources and are typically incorporated into the marine sediments 
(Everaarts, 1995). However, heavy metals cannot be easily eliminated from aquatic 
ecosystems by natural processes. Some heavy metals can be taken up by aquatic 
organisms which may affect human consumers. 
Concentrations of metals may not be sufficient for toxicity assessment. Metals 
speciation and fate is complex and can dramatically affect bioavailability (Morillo et 
al” 2002). In addition to metals, trace organics may also contaminate in river or 
marine sediments. Organic compounds include Poly chlorinated biphenyls (PCB) 
and polycyclic aromatic hydrocarbons (PAHs) (Perez et al., 2003). 
Sediments were collected from locations in Hong Kong with various 
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contaminant concentrations. Urban areas were represented by VH, with industrial, 
commercial and residential impacts. The sources of contaminants in DB were from 
agricultural farms and trans-boundary contaminants from mainland China. FT in TH 
is the major industrial area in Hong Kong, while Wu Kai Sha (WKS) and Lai Chi Wo 
(LCW) have little human impact. 
In this chapter, the concentrations of heavy metals, PCBs and PAHs were 
measured in surface coastal sediments. 
2.2. Materials and Methods 
2.2.1 Sediment collection 
Surface sediments samples were collected for heavy metal analysis and exposure 
experiments. The sites for sediment collection were Deep Bay (Lau Fau Shan: LFS; 
Tsim Bei Tsui: TBT; Shan Bui River: SBR), Victoria Harbour (Wan Chai: WC; 
Kowloon City: KLC; Kwan Tong: KT)，Tolo Harbour (Wu Kai Sha: WKS; Fo Tan: 
FT) and Lai Chi Wo (LCW) was used as a reference site (Figure 2.1). 
Approximately 1 kg of surface sediments was collected using a LaMotte 
Bottom-Sampling Dredge and put into plastic containers. Sediments samples were 
then stored in a freezer (-4°C) before lyophilization. 
19 
(,U \ N ( “ � � H Si"丨、“ 
/ f o e r p B a y ^ X y ^ Harbour 
< t \ > < j v > - ‘ ’ , , , 
H a r b o u r 
Figure 2.1 Map of Hong Kong showing the sampling sites of sediments collected in 
Deep Bay (Lau Fau Shan, LFS; Tsim Bei Tsui, TBT; and Shan Bui River, SBR), Tolo 
Harbour (Wu Kai Sha, WKS; Fo Tan, FT; and Lai Chi Wo, LCW, as a reference site) 
and Victoria Harbour (Wan Chai, WC; Kowloon City, KLC; and Kwan Tong, KT). 
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2.2.2 Treatment of sediment samples 
All sediments were treated with a 1 mm diameter sieve (Endecctts, SH-400-140E) 
and approximately 50 grams of well mixed sediments from each site were pre-cooled 
and frozen at -20°C overnight, then freeze-dried in a Savant Modulyo 4k Freeze Dryer 
at -40°C and 3 atm for several days. The freeze-dried samples were stored at 4°C in 
desiccators before analysis and exposure experiments. 
2.2.3 Cleaning of apparatus 
All apparatus, including glassware, plastic bottles and containers used in heavy 
metal determinations were washed and acid -treated before use to avoid metal 
contamination. They were washed with de-ionized water and then soaked in an acid 
bath of 5% nitric acid for 24 hours. Afterwards, the apparatus were washed with 
nano pure water three times and dried in an oven. Subsequently, the apparatus were 
stored in covered plastic containers before use. 
2.2.4 Acid digestion of sediment sample 
Freeze-dried sediment samples of 0.5 g were weighted accurately and placed into 
digestion tubes containing 10 ml of 69% nitric acid (AR grade). The digestion tubes 
were covered with funnels for digestion overnight at room temperature. The 
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digestion tubes were then put into a digestion block, and slowly heated to 150 °C for 3 
hours. Afterwards, the digestion tubes were cooled and 2 ml of 30% hydrogen 
peroxide was added to the tubes and heated to 170°C for a few days until fuming 
ceased. During each digestion, a reference sediment sample (Sediment, NIST 
Standard Reference Material®, 2782 Industrial Sludge, US Dept. of Commerce, 
Gaithersburg, MD) was also used for acid digestion to check the extraction efficiency 
(±5% of metals concentration listed by NIST) of acid digestion. 
2.2.5 Sequential extraction of heavy metals in sediment samples 
Speciation procedures were modified according to Tessier et al. (1979). Five 
fractions (i.e. exchangeable, carbonates, iron-manganese oxides, organics, and residue) 
were obtained in sequential extractions with different chemical solutions. 
For the exchangeable heavy metal contents in sediments, 1 g of sediment 
samples were extracted at room temperature for 1 hour with 8 mL of 1M sodium 
acetate, pH=8.2 with agitation. Between each extraction, extractant was collected by 
centrifugation at 12 OOOxg for 30 minutes using a Beckman centrifuge machine. The 
supernatant was filtered through an Advantec 5C 90mm filter paper, and the extractant 
collected was diluted to a total volume 20 mL. The residue was washed twice with 8 
mL of deionized water and then centrifuged at 12 OOOxg for 30 minutes. After 
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discarding the supernatant wastes, the residue was used for the next extraction. 
For heavy metals bounded to carbonates, the residue was extracted at room 
temperature for 5 hours with 8 mL of 1 M sodium acetate, adjusted to pH=5 by acetic 
acid with agitation. After extractant collection and washing, residue was extracted 
with 40 mM ammonium hydrochloride (NH20H*HC1) in 25% v/v hydrogen acetate at 
96 °C for 6 hours to extract the iron-manganese oxides fraction. 
For the organics fraction, residue was added to 3 mL of 20 mM nitric acid and 5 
mL of 30% hydrogen peroxide adjusted to pH=2 with nitric acid. The mixture was 
heated to 85 °C for 2 hours. After cooling, 3 mL of 30% hydrogen peroxide was 
added to the mixture and then heated to 85 °C for 3 hours. Five mL of 3.2 M 
ammonium acetate in 20%(v/v) nitric acid was added, and the mixture was diluted to 
20 mL and agitated for 30 minutes. 
For the residue fraction, the residue was acid digested with the same procedure 
as described in 2.2.4. 
2.2.6 Heavy metals measurement 
All the digested sediment samples were washed with approximately 10 mL of 
de-ionized water and filtered through an Advantec 5C 90mm filter paper. The total 
filtrate was adjusted to 50 ml with de-ionized water in 50ml volumetric flasks and 
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stored in plastic bottles at 4°C before metal analyses. The diluted filtrate was 
analyzed for heavy metals, including zinc, copper, cadmium, and lead, with a Hitachi 
Z8100 FAAS Zeeman and SpectrAA 800 GFAAS. 
2.2.7 Trace organic measurement in sediments 
Total PCBs and individuals PAHs (as listed in 2.3 Results) in sediments were 
analyzed by the Environmental Management Division Laboratory of Hong Kong 
Productivity Council according to USEPA procedures (USEPA 8082 for PCB and 
USEPA 8270C for PAHs). 
2.2.8 Statistical Analysis 
All data were presented as mean 士standard deviation. Variation between sites 
was tested by one-way ANOVA followed by Tukey's Multiple Comparison Test. The 
level of significance was set at p value <0.05. All statistical calculations were 
performed using PRISM software on a personal computer. 
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2.3 Results 
2.3.1 Concentrations of total metals in sediments 
Sediments from urban areas are contaminated with heavy metals. 
Concentrations of metals at LCW were the lowest of the four metals in all sites and 
followed by WKS, which was less contaminated with metals than sites from urban 
areas (Table 2.1). 
Sediments from VH, DB and FT were found to have elevated concentrations of 
Cd, Cu, Pb, and Zn. VH, DB and FT had similar concentrations of Cu, Cd, but not 
Pb and Zn (p < 0.05). In TH, FT was significantly more contaminated than WKS, 
for metals along with the industrial and urban area of Sha Tin. 
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Table 2.1 Concentrations (mg/kg) of heavy metals (Cadmium, copper, lead and zinc) 
in sediments from Victoria Harbour, Deep Bay, Tolo Harbour and Lai Chi Woo. (One 
way ANOVA followed by Tukey's Multiple Comparison Test, p < 0.05) (n=3). 
Sites Cd Cu Pb Zn 
KLC 0.655 士 0.222 a b 146.78 ± 22.56 a 53.89 士 13.07 a b 533.14 士 47.91 a b 
KT 0.761 士 0.131 a 182.68 士 19.34 a 64.91 土 13.39 a 599.63 士 55.97 a 
WC 0.761 士 0.271 a 162.08 士 35.69 a 42.41 士 11.74 a b 517.40 士 34.76 a b 
LFS 0.428 ± 0.306 a b c 126.72 士 22.41 a 24.63 ± 8.46 b c 383.41 士 48.97 c 
SBR 0.748 士 0.202 a 175.27 ± 16.78a 47.02 ± 13.86 a b 579.61 士 88.94 a 
TBT 0 . 5 5 8 士 0.222 a b 1 4 7 . 0 6 士 18.22a 36.43 士 19.40 a b c 477.00 士 53.92 a b 
FT 0.813 士 0.054 a 155.55 ± 11.84a 32.91 ± 6.14 a b c 545.05 ± 28.79 a b 
WKS 0.186 士 0.045 b c 39.47 士 7.42 b 29.11 ± 6.01 b c 438.62 土 24.08 b c 
LCW 0.011 士 0.009 c 6.80±1.00 b 5.51 ±2.50 b c 409.86士 19.93 b c 
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2.3.2 Speciation of metals in sediments 
From the speciation study, KT and FT showed the highest level of exchangeable 
metal contents. Sediments from KT and FT had the highest exchangeable Cd 
contents, followed by sediments from WC, LFS and TBT. This was different from 
the total Cd concentrations in these sediments (VH, DB, and FT) which were not 
significantly different (Table 2.2). The next most available content was the 
carbonate fraction; VH sediments contained the most Cd-carbonate. For Fe-oxide 
and organic fractions of Cd, KLC and KT contained the most, followed by SBR and 
FT, and then WC, LFS and TBT. For all the fractions, WKS and LCW contained the 
least amount of Cd, with similar results to the total amount of Cd. 
Sediments from KT and WC had the highest concentration of exchangeable Cu 
content, followed by FT and then KLC (Table 2.3). Exchangeable Cu in DB was far 
less than in VH, while WKS and LCW had the least amounts. For all the other 
fractions, except Fe-oxide, the order was similar to that of total Cu content. For all 
the fractions, LCW contained the least amount of Cu. 
Sediments from SBR had the most available Pb, followed by KT, KLC, FT and 
WKS (Table 2.4). And TBT (below the detection limit) had the least exchangeable 
fraction. And for carbonate, Fe-oxide and organic fractions, VH, DB and TH had the 
same degree of metal concentrations, SBR, WC and WKS had different 
concentrations. The order in the residual fraction was similar to that of the total 
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content. 
Sediments from KT and FT had the highest amount of exchangeable Zn content 
(Table 2.5), and all the other sites had the same level of exchangeable Zn. KLC had 
the highest carbonate and Fe-oxide contents of Zn. 
2.3.3 Metal abundance in different fractions of sediment 
Comparing the abundance of metals in different fractions sediments, most of 
them were present in the residual fraction (Figure 2.2), with less than 10% present in 
the exchangeable fraction (Table 2.2 - 2.5). 
Fe-oxide, organic and residual fractions had the most Cd (around 90%) (Figure 
2.2 and Table 2.2). The remaining 10% of Cd was mainly found in the carbonate 
fraction, and the exchangeable content had the least amount. For the less 
contaminated sites, WKS and LCW, the major content was residual, with 87.73% and 
85.11% respectively. 
More than 90% of Cu was present in the residual fraction, and around 3% of Cu 
was present in the organic fraction. Exchangeable and carbonate fractions were 
approximately 0.3% to 4.4% (Figure 2.2 and Table 2.3). 
Similar to Cu, 0.02% to 1.02% of Pb were present in the exchangeable fraction. 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Zn was the most mobile metal compared to other three metals, with 2.3% to 
4.6% in the exchangeable fraction. 4.5% to 8.9% of Zn was in the carbonate fraction, 
which was higher than Cu and Pb concentration. Both Fe-oxide and organic 
fractions were 10% while residual fraction was 60 - 70% (Figure 2.2 and Table 2.5). 
The speciation results showed that cadmium and zinc were the most available 
metals, with exchangeable contents ranging from 0.5% to 6.7% and 2.3% to 4.6% 
respectively (Figure 2.2). 
2.3.4 Concentrations of organics in sediments 
Trace organic concentrations were determined for total PCBs and individual 
PAHs in the sediments. The sediments from VH were heavily contaminated with 
trace organics. The highest concentrations of PCBs are found in KLC and KT 
sediments (Table 2.6). Total PCBs of all the studied sites except KLC and KT were 
below detection limit (3|ig/mg), while KLC and KT were between 3 jig /kg and 1000 
|xg/kg, which cannot be measured accurately due to interference from other 
contaminants. 
Sediments PAHs were much higher in VH than in DB and TH. KT had the 
highest level of individual PAHs content, following by KLC and WC. The second 
most contaminated site in term of PAHs was DB, followed by FT and LCW. WKS 
was the least contaminated site. Phenanthrene, pyrene and fluoranthene were the 
major PAHs found in coastal sediments of Hong Kong. 
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Fig 2.2 Percentages of various metals in different fractions of sediments after 
































































































































































































































































































































































































































































2.3.5 Results summary 
Sediments from urban areas were generally contaminated with higher levels of 
metals than WKS and LCW, there were no significant differences in total metals 
concentrations between VH, DB and FT sediments. The availability of metals did not 
follow the same order as total metal concentrations. Overall, KT and FT had the highest 
amounts of available Cu, Cd and Zn. Trace organic contamination in FT was low, but in 
VH, the concentrations of PAHs and PCBs were high. And in LCW, little metal 
contamination was found, while moderate amount of PCBs and PAHs were present. 
2.4 Discussion 
2.4.1 Comparison with international standards 
Sediment pollution is an international problem. However, there are no standard 
criteria or numerical values for sediment toxicity assessment, and different countries 
apply different standards for chronic or acute assessments. The Florida Environmental 
Protection Department in the USA, compared its own standard criteria with standards 
from other studies. This is summarized in Tables 2.7 and 2.8 for concentrations of 
metals, and Table 2.9 and 2.10 for trace organics concentrations. 
Using the guideline, sediments from VH exceeded the chronic standard for the four 
metals. Furthermore, Cu (PEL and SQC) and Zn (all the five standard) levels were 
higher than the suggested safety limit for acute toxicity. Sediments from WC, which is a 
major commercial and residential area, had less contamination than the industrial areas of 
KLC and KT. 
In DB, all the sites exceeded chronic guidelines for Cu and Zn (all the five standard). 
Sediments from SBR exceeded Cd (TEL), and Pb (TEL, ER-L, SQC-chronic and SQO 
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criteria) and TBT sediments (TEL, SQC-chronic and SQO) exceeded Pb guidelines as 
well. Cu and Zn levels were higher than the suggested safety limit of acute toxicity 
standards. In DB, there are industrial, mining and agricultural activities and may be the 
cause of metals contamination (Cheung et al, 2003). 
For FT, Cu and Zn contents were higher than both the chronic and acute limit. So, 
Cd and Pb in FT exceeded the some of the chronic standards listed by in Table 2.7. FT 
was an industrial estate, with many textile dyes, electroplating and plastic fabrication 
factories. .Metals in nearby sediments are likely from the same sources (Zhou et al., 
1998). 
All the sediments studied exceeded both chronic and acute toxicity guidelines for Zn 
(all standard), including WKS and LCW. In WKS, Cu content exceeded chronic toxicity 
standards (TEL, SQC-chronic and SQO). Sediments concentrations of Cd, Cu and Pb 
from LCW and Cd and Pb concentrations from WKS were well below the guidelines. 
In summary, sediments from all the sites were heavily polluted with metals, 
especially zinc and copper, which exceeded both acute and chronic toxicity guidelines for 
biota. The high level of Zn and Cu may come from historical agricultural pollution by 
fertilizer. Cd and Pb might have chronic effects to organisms in VH, DB and FT. In 
Hong Kong, no standard has been established for comparison. These standards provide 
an estimate of contamination in the sediments. 
For trace organics, VH sediments exceeded both chronic (Table 2.9) and acute 
toxicity criteria (Table 2.10) for individual PAHs at least ten times. KLC and KT 
sediments were contaminated since their total PCBs content also exceeded those 
standards. DB sediments were contaminated with a few individuals PAHs (naphthene in 
LFS, phenanthrene in TBT and SBR, acenapthene in all Deep Bay and dienzo (a, b) 
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anthrscene in TBT) but well below the total PCBs toxicity standard. All other sediments, 
including FT, which was contaminated with high levels of metals, were well below the 
safety standards and would not likely elicit chronic or acute toxicity to exposed 
organisms. 
2.4.2 Comparison with international studies of coastal sediments 
Comparing results to other studies (Table 2.11), heavy metals in this study were 
significantly lower than those for industrial sites (Spain) for Cd, Cu and Pb (Morillo et al., 
2003) or in historical mining areas (England) for all the four metals (Daka et al, 2003). 
Concentrations of Zn in all of the studied sties were similar to concentrations in an 
industrial area in Spain (Morillo et al., 2003). In Kenya, Cu content in sediment was 
higher in Hong Kong, but Kenya had higher levels of other three metals (Everaarts, 1995). 
Each of the four metals was much higher than agricultural sites in Egypt (Topcuoglu et al., 
2002; Rashed, 2001). 
In the Odiel River estuary in Spain, acid-soluble, reducible and oxidisable phases of 
metals in sediments were determined by sequential extraction (Morillo et al., 2003). 
More than over 50% was present in the acid-soluble fraction (Morillo et al., 2003). Zn 
was found to be the most mobile metal. In the present study, Zn was also the most 
mobile metal; however, the percentage of the available fraction was less than that 
observed in Morillo's study. 
In Greece, sediments from the Bay of Thessaloniki, polluted with urban and industrial 
activities, were collected with both the total and labile content of heavy metals analyzed; 
as much as 76% of total cadmium and 34% of zinc was labile (Zabetoglou et al,, 2002) 
(Table 2.12). In the current study, Cd and Zn were the most mobile metals,but only 
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Table 2.7 Marine sediment quality guidelines for chronic metals (mg/kg) exposure form 
different organizations. 
Substance TEL 1 ER-L2 PSDDA-SL3 SQC-Chronic4 SQO5 
Arsenic 7.24 8.2 70 8.2 20 
Cadmium 0.68 1.2 0.96 7.2 1 
Chromium 52.3 81 NG NG 60 
Copper 18.7 34 81 34 100 
Lead 30.2 46.7 66 33 30 
Mercury 0.13 0.15 0.21 0.01 0.15 
Nickel 15.9 20.9 NG NG 45 
Silver 0.73 1 1.2 NG NG 
Zinc 124 150 160 190 150 
1. Threshold effect level (TEL) was derived by Florida Environmental Protection 
Department (FEPD) which was considered to provide a high level of protection for 
aquatic organisms. 
2. The effects range-low values (ER-Ls) promulgated under the National Status and 
Trends Program (Long and Morgan 1990). 
3. The screening levels (PSDDA-SL) developed for use in Washington State under the 
Puget Sound Dredged Disposal Analysis Program (USACOE 1988). 
4. The USEPA chronic sediment quality criteria (SQC - Chronic) developed using the 
equilibrium partitioning approach (assuming 1% TOC; Lyman et al., 1987; Hansen et al 
1993a, b, c, d and e). 
5. The sediment quality objectives (SQOs) developed for Burard Inlet, British Columbia 
(Swain and Nijman 1991). 
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Table 2.8 Marine sediment quality guidelines for acute metals (mg/kg) exposure form 
different organizations. 
Substance PEL 1 ER-M2 LAET3 SQC-Acute4 
Arsenic 41.6 70 57 16 
Cadmium 4.21 9.6 5.1 24 
Chromium 160 370 260 NG 
Copper 108 270 390 54 
Lead 112 218 450 840 
Mercury 0.7 0.71 0.41 0.15 
Nickel 42.8 51.6 >140 NG 
Silver 1.77 3.7 >0.56 NG 
Zinc 271 410 410 560 
1. Probable effects levels (PEL) defined the lower limit of the range of contaminant 
concentrations that had a high probability of being associated with adverse biological 
effects proposed by FEPD. 
2. The effects range median (ER-M) values promulgated under the NOAA National 
States and Trends Program (Long and Morgan 1990). 
3. The lowest apparent effects threshold values (LAFT) calculated for Puget Sound (PTI 
1988). 
4. The acute sediment quality criteria (SQC - Acute) developed using the equilibrium 
partitioning approach (assuming 1% TOC; Lyman et al, 1987; Pavlou et al., 1987). 
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Table 2.9 Trace organics in marine sediment quality guidelines for chronic total PCBs 
and individual PAHs (jig/kg) exposure form different organizations. 
Substance TEL 1 ER-L2 PSDDA-SL3 SQC-Chronic4 SQO5 
Total PCBs 21.6 22.7 130 NG 30 
Naphthalene 34.6 160 210 500 200 
Phenanthrene 86.7 240 320 2400 15 
Acenaphthene 6.71 16 63 2400 50 
Acenaphthylene 5.87 44 64 NG 60 
Anthracene 46.9 85.3 139 190 10 
Benzo (a) pyrene 88.8 430 680 18000 160 
Fluorene 21.2 19 64 59 50 
Chrysene 108 384 670 1200 140 
Dibenz (a, h) 6.22 63.4 120 12000 60 
anthracene 
1. Threshold effect level (TEL) was derived by Florida Environmental Protection 
Department (FEPD) which was considered to provide a high level of protection for 
aquatic organisms. 
2. The effects range-low values (ER-Ls) promulgated under the National Status and 
Trends Program (Long and Morgan 1990). 
3. The screening levels (PSDDA-SL) developed for use in Washington State under the 
Puget Sound Dredged Disposal Analysis Program (USACOE 1988). 
4. The USEPA chronic sediment quality criteria (SQC — Chronic) developed using the 
equilibrium partitioning approach (assuming 1% TOC; Lyman et al, 1987; Hansen et al 
1993a, b, c, d and e). 
5. The sediment quality objectives (SQOs) developed for Burard Inlet, British Columbia 
(Swain and Nijman 1991). 
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Table 2.10 Trace organics in marine sediment quality guidelines for acute total PCBs 
and individual PAHs (|ig/kg) exposure form different organizations. 
Substance PEL 1 ER-M2 LAET3 SQC-Acute4 SQO5 
Total PCBs 189 180 130 NG 36.6 
Naphthalene 391 2100 2100 10500 414 
Phenanthrene 544 1500 1500 14000 368 
Acenaphthene 88.9 500 500 NG NG 
Acenaphthylene 128 640 > 560 NG 47.4 
Anthracene 245 1100 960 NG 163 
Benzo (a) pyrene 763 1600 1600 450000 397 
Fluorene 144 540 540 NG 101 
Chrysene 846 2800 1400 115000 384 
Dibenz (a, h) 135 260 230 NG NG 
anthracene 
1. Probable effects levels (PEL) defined the lower limit of the range of contaminant 
concentrations that had a high probability of being associated with adverse biological 
effects proposed by FEPD. 
2. The effects range median (ER-M) values promulgated under the NOAA National 
States and Trends Program (Long and Morgan 1990). 
3. The lowest apparent effects threshold values (LAFT) calculated for Puget Sound (PTI 
1988). 
4. The acute sediment quality criteria (SQC - Acute) developed using the equilibrium 
partitioning approach (assuming 1% TOC; Lyman et al., 1987; Pavlou et al., 1987). 
5. The sediment quality objectives (SQOs) developed for Burard Inlet, British Columbia 
(Swain and Nijman 1991). 
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Table 2.11 Comparison of heavy metal concentrations (mg kg ‘ dry weight) in 
sediments from European and African countries. 
Locations Cd Cu Pb Zn 
Spain - Odiel River 1 2.5 336 197 649 
Spain-Gulf of Cadiz2 1.24 43.9 52.5 128 
Turkey - Black Sea3 <0.02 95.5士0.19 <0.05 267.4士 
Belgium - 11.9 107 233 1455 
Upper Scheldt River 
England - The Isle and Man 5 24 343 3668 5117 
Egypt - Nasser Lake 6 na 109士2.6 na 143士2.9 
Kenya 11.7 100.3 137 524 
1. Odiel River estuary is one of the most industrialized areas in southern Spain where 
receives the discharge of industrial and urban waste (Morillo et al., 2003). 
2. (DelValls et al., 1996). 
3. Major source of contaminants were industrial wastes, agricultural and municipal usage, 
oil pollution and airborne contaminants in Black Sea. (Topcuoglu et al., 2002). 
4. Upper Scheldt river was mainly polluted by disposal of dredged materials and 
trans-boundary industrial fluxes from northern France. (Vandecasteele, 2002). 
5. In the Isle of Man, there were a long history of mining activities which has been 
abandoned for two decades (Daka et al., 2003). 
6. Along the shores of Lake Nasser, many of khores are used as agricultural farms, and 
the use of chemical fertilizer and chemical pesticides in the farms led to water 
pollution at these khores (Rashed, 2001). 
7. Everaarts, 1995. 
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Table 2.12 Total and labile heavy metals concentrations (jug/g 
dw) in surface sediments from the Bay of Thessaloniki in Greece 
(Zabetoglou et al., 2002). 
Cd Pb Cu Zn 
Total 0.17 7.1 3.6 35 
Labile 0.13 1.3 0.5 12 
Labile % 76.5 18.3 13.9 34.3 
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about 10% of Cd and Zn were in exchangeable and carbonate fraction. Zn was also 
found to be most mobile metal into the water in Spain by Morillo et al. (2004). Saenz et 
al. (2003) summed up previous studies in Europe on metals speciation in sediments. Cd 
was found to be most mobile metal and had the highest exchangeable content, ranging 
from 9.9% to 31.9%. 
2.4.3 Comparison of the present study with other studies concerning Hong Kong 
coastal sediments 
Results from other studies evaluating Hong Kong sediments were compared with the 
present study (Table 2.13). Cd concentrations in sediments from VH and TH in other 
studies were similar (around 1 mg/kg) (Cheung et al., 1997; Wong et al, 2000). 
However, exceptions were found with results from 莊時廈(1994) with Cd in VH being 
7.1 mg/kg. It indicated that Cd contamination in VH has improved since 1994. 
In other studies, sediments from VH and DB were also highly concentrated with Cd 
(Wong et al., 2000; Cheung et al., 1997). Cu concentrations were much higher in the 
present study and recent studies (Cheung et al., 1997; Wong et al., 2000) than that in 莊 
時廈（1994). LCW (present study), Siu Keng mangrove site (Tam, 1995), Double 
Haven and Chek Lap Kok (Cheung et al., 1997) had Cu concentrations lower than 
lOmg/kg. These sites had little human activity and were not heavily contaminated with 
agricultural wastes. 
Concentrations of Pb in sediments varied with different studies. Both Cheung et al 
(1997) and the present study found Pb content in VH below guidelines for chronic 
toxicity according to the above standards (Table 2.7). However, the Wong et al. (2000) 
study indicated that Pb in VH were as high as 151 mg/kg, two times higher than observed 
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in other studies. They also found that Yim Tin Tsa (TH) and the Sai Keng mangrove site 
(Tam，1995) were contaminated with high level of Pb. Again, LCW (present study), 
Double Haven and Chek Lap Kok (Cheung et al., 1997) had Pb concentration lower than 
20mg/kg indicating low contamination in these sites. 
The present study found that concentrations of Zn from all the sites were elevated, 
even in LCW and WKS. Comparing the current study with Zhou et al. (1998), all the 
four metals from FT sediments were much higher in the Zhou study, which may indicate 
the improvement of sediment quality in recent years. Results varied with different 
studies because of different site locations and methods of analysis. 
Comparing the extractable metal concentrations (Table 2.14) to the exchangeable 
and carbonate metal concentrations in the present study (Table 2.2 — 2.5), Cd, Cu and Pb 
showed higher in mobility in the Wong et al. (2000) study, and the mobility of metals 
generally followed the same trend as the total contents. In contrast to the present study 
availability of metals were not identical to the total metals concentrations. Only Zn 
showed higher mobility in the present study, which may due to the total Zn content being 
































































































































































































































































































































































































































































































































Table 2.14 Extractable metal contents (mg/ kg dry weight) in Victoria Harbour, Deep 
Bay and Tolo Harbour (Wong et aL, 2000). 
I Cd Cu I Pb I Zn 
Victoria Harbour1 ~NA 5.67 3.1 4.4 
Mai Po Marshes (Deep Bay) 1 NA — 2.4 — NA 1.84 
Yim Tin Tsai (Tolo Harbour) 1 0.24 NA 2.56 NA 
1. Marine sediments were collected and sites with high concentrations of metals were 
shown. Comparing to uncontaminated Southern Waters, metals contents in Victoria 
Harbour and Deep Bay were significantly higher. Extractable contents showed similar 
results as total content (Table 2.13), that Victoria Harbour had high level of copper, lead, 
and zinc, while Deep Bay had high level of copper and zinc and Tolo Harbour has 
cadmium and lead (Wong et al., 2000). 
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For trace organic compounds, VH sediments had higher PCBs and PAHs 
concentrations than DB and TH in all the studies (Table 2.15), similar to the present study. 
However, in the present study, individual PAHs concentrations in VH were much higher 
than other studies. Perhaps this study collected coastal marine sediments at the coast 
line, while other studies collected sediments in the middle of the Harbour. With the low 
dispersal ability, organics mainly settled near the sites of disposal. Sediments from DB 
(LFS and Mai Po Marshes), had higher levels of naphthalene. High concentrations of 
naphthalene were also found in LFS; however, the concentration in LFS was lower than 
results found by Wong et al (2000). WKS (present study), Double Haven and Chep Lap 
Kok (Cheng et al, 1997) had very low organic contamination. 
In summary, sediments in Hong Kong were contaminated with metals and 
comparable to contaminated sediments around the world. VH sediments contained the 
highest levels of metals in which Zn, Cu and organics may pose adverse effects to marine 
organisms. Concentrations of Cd and Pb also exceeded chronic toxicity threshold for 
marine organisms. FT sediment was contaminated with high levels of metals which was 
comparable to VH, but had lower levels of trace organics concentration. DB was also 
contaminated with high levels of metals and some of the individual PAHs. No 
significant difference of total metal contents was observed between VH, DB and FT. 
For exchangeable contents, the highest Cd, Cu and Zn were found in KT and FT 








































































































































































































































































































































































































































































































































































































































































































































































































Heavy Metals Accumulation in Tissues of Tilapia Exposed to Coastal Sediments 
Collected from Victoria Harbour, Deep Bay, Tolo Harbour, and Lai Chi Wo 
3.1. Introduction 
Concerning marine pollution by heavy metals or other anthropogenic chemicals, 
the usual practice is to measure the chemical concentrations in water or in fish, 
which may serve to evaluate levels of heavy metals contamination (Windianarko et 
al,, 2000). As a result, many field studies with fish were done in the past to 
investigate marine pollution (Rased, 2001; Shen et al.，1998). Among those studies, 
Tilapia was one of the most popular and relevant fish species collected for analysis 
in Hong Kong (Lam et al., 1998; Wong et al., 2000; Zhou et al, 1998). 
The advantages of using Tilapia as a fish species for contaminants exposure has 
been discussed in Chapter one. It was noted that heavy metals accumulated in 
Tilapia after they were fed with metal contaminated sludge (Zhou et al., 1998). A 
recent field study found that Tilapia in contaminated sites accumulated metals more 
than that of other species (Wong et al., 2000). 
Metals were accumulated in different target organs. Gills had high levels of 
cadmium, lead and nickel in Tilapia (Rashed, 2001; Zhou et al., 1998; Shen et al., 
1998), but liver was the primary target for metal accumulation. Liver accumulated 
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the highest concentrations of cobalt, copper, zinc, cadmium, nickel and lead (Rashed, 
2001 ； Shen et al, 1998). Muscle contained the lowest concentrations of cobalt, 
chromium, copper, iron, manganese, nickel, strontium, and zinc (Rashed, 2001), but 
in other studies muscle and skin tended to have with high concentrations of 
chromium (Zhou et al,, 1998). Also, Zn and Cu were in the highest concentrations 
among heavy metals measured in Tilapia tissues. Furthermore, it was found that 
the accumulation of Cd and Pb in fish resulted from aquatic plants and sediment 
used as food (Rashed, 2001). 
In this chapter, uptake of metals in Tilapia was studied. Sediments collected 
from Hong Kong coastal areas as reported in chapter 2 were used for exposure 
experiments for time and dose studies. Accumulation of metals in different tissues of 
Tilapia exposed to the sediments from various sites was analyzed. 
3.2. Materials and Methods 
3.2.1. Collection and treatment of coastal sediments 
Sediments collected from VH, DB, TH and LCW were sieved and freeze-dried 
as in 2.2.1 and 2.2.2. Sediments were diluted to three different concentrations, i.e. 
0.1%, 0.5% and 1.0% (w/v), into water tanks containing 13 L of water. Hence 13 g, 
62.5 g, and 130 g sieved sediments were added respectively. Subsequently, 
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sediments were allowed to settle down in the bottom the tanks for 1 day until the 
water became clear. At the beginning of the experiment, an air stone was added to 
keep dissolved oxygen concentrations near saturation levels. Experiments were 
carried out with a light-dark (16:8) cycle control and the water wasl8-19 °C. No 
sediment blank control experiment was carried at the same time. 
3.2.2. Sediment exposure tests with Tilapia 
Male Tilapia hybrids (female Oreochromis niloticus x male Oreochromis 
aureus) (length 12 - 15 cm; weight 20 - 30 g) of less than one year old were used 
for exposure experiments. Male Tilapia was used to analyze Vtg content in later 
biomarkers analysis. Fish bought from a Mainland China fish farm were first 
acclimated in water tanks with temperature at 18°C and aeration for 3 
days. Afterwards, exposure experiments were carried out. Eighteen Tilapias were 
randomly chosen and put into the same tank (width 36 cm X height 26 cm X width 
20 cm) with the same concentration of sediments to avoid tank variation. No food 
was added within the exposure period, and mortality and temperature was recorded 
everyday. Dead fish were removed immediately. After 3, 6 and 9 days of 
exposure, 5 Tilapias were removed and dissected for analyses of metal content and 
biomarkers (chapters 4, 5, and 6). 
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3.2.3. Dissection of fish samples 
Gills, muscles, and liver were taken for metal and biomarker analyses. The 
fish were first washed under tap water and dried with tissue paper quickly. The 
abdomen was cut with stainless steel instruments that had been autoclaved. After 
dissection, the weight of each organ was measured and all the samples were then put 
into a freezer at -80 °C for storage until analysis. 
3.2.4. Acid digestion of fish samples 
All the stored samples were placed into digestion tubes containing 10 ml of 
69% nitric acid (AR grade). The digestion tubes were covered with a funnel at 
room temperature for pre-digestion overnight. Subsequently, the digestion tubes 
were placed into digestion blocks and heated to 130 °C for 3 hours. The digestion 
tubes were removed from digestion blocks. Two ml of 30% hydrogen peroxide 
was added, and the tubes heated to 160 °C for 3 days until fuming ceased and a pale 
yellow but clear solution of digestate was obtained. A reference bovine liver 
sample (NIST Standard Reference Material 1577b, bovine liver, US Department of 
Commerce, Gaithersburg, MD, USA) was used for acid digestion to check the 
extraction efficiency (士 5% of metals concentration list by NIST) of acid digestion. 
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3.2.5. Statistical Analysis 
All data were presented as mean 士standard deviation. Three ways ANOVA 
test followed by Holm-Sidak multiple comparison tests were carried out. The 
level of significance was set at p value <0.05. All data analysis was performed 
using SigmaStat software on a personal computer. 
3.3. Results 
3.3.1 Metal accumulation 
Male Tilapia exposed to VH sediments had significant Cd uptake in gills 
(Figure 3.1 — 3.3), liver (Figure 3.4 — 3.6) and muscle (Figure 3.7 — 3.9). After KT 
sediments exposure, male Tilapia generally accumulated the highest concentrations 
of Cd in the three organs, followed by that of FT, WC and DB sediments. 
Generally speaking, after exposure to KLC sediments, male Tilapia accumulated 
less Cd than that of DB sediments but more Cd than that of WKS sediments. After 
exposure to LCW sediments, male Tilapia accumulated the least Cd in the three 
organs. 
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Figure 3.1 Concentrations (mg/kg) of cadmium in gills of male Tilapia after 
exposure to Victoria Harbour sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.2 Concentrations (mg/kg) of cadmium in gills of Tilapia after exposure to 
Deep Bay sediments for 3, 6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.3 Concentrations (mg/kg) of cadmium in gills of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
58 
1 0 . 0 - 1 
Day 3 
一 j Day 6 
至 • I r^  Day 9 
I 5 . � - . 
6 I I * T 
o * 1 
o o i ii nil Sri ii ii I�III ii  Bl li _ 
g O ^ ^ ^ O ^ ^ ^ O ^ ^ ^ $ g d d ^ § o o ^ § d c> ^ as o Q o H o O 
CD - J 乂 > 
Sites 
Figure 3.4 Concentrations (mg/kg) of cadmium in liver of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6, and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.5 Concentrations (mg/kg) of cadmium in liver of Tilapia after exposure to 
Deep Bay sediments for 3, 6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.6 Concentrations (mg/kg) of cadmium in liver of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.7 Concentrations (mg/kg) of cadmium in muscle of Tilapia after exposure 
to Victoria Harbour sediments for 3, 6, and 9 days. Metals level of treatment 
groups with significant different from the control group were shown by asterisk (*) 
(P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
62 
0.75-1 
* l^q Day 3 
^ Day 6 
I 0.50- j — D a y 9 I if ； - . - * t 
O T R 丄 * 
§ 0 25 : I* 丨丨 * f 
0 00 j si il I i si I m I I li I li ^ O ^ ^ ^ o ^ ^ ^ o ^ ^ ^ 
^ i； t - l o o t - l o o t - in o $ § o d ^ (0 O (/) o q^  o |_ CD Li. CQ CO 0) H 
Sites 
Figure 3.8 Concentrations (mg/kg) of cadmium in muscle of Tilapia after exposure 
to Deep Bay sediments for 3，6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.9 Concentrations (mg/kg) of cadmium in muscle of Tilapia after exposure 
to Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Accumulation of Cu in gills was observed in fish exposed to sediments from all 
sites (Figure 3.10-3.12), with similar results in liver (Figure 3.13-3.15). But for 
muscle (Figure 3.16-3.18), only exposure to WC sediments resulted in significant 
Cu accumulation. In gills, exposure to KT and KLC sediments resulted in the 
highest Cu accumulation, followed by that of WC and FT sediments, and that of 
LFS, SBR, TBT, WKS and LCW sediments resulted in less Cu accumulation. In 
liver, the highest level of copper was found after FT sediment exposure, followed 
that of WC, KT, SBR, LFS, and KLC. After WKS and LCW sediment exposure, 
liver of male Tilapia accumulated the least amount of Cu. Muscle accumulation of 
Cuwas similar to liver, in which exposure to KT and WC sediments resulted in the 
highest Cu accumulation in liver. Exposure to KLC, WKS and LCW sediments led 
to the least amounts of Cu accumulation. 
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Figure 3.10 Concentrations (mg/kg) of copper in gills of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6, and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.11 Concentrations (mg/kg) of copper in gills of Tilapia after exposure to 
Deep Bay sediments for 3, 6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
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Figure 3.12 Concentrations (mg/kg) of copper in gills of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
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Figure 3.13 Concentrations (mg/kg) of copper in liver of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6, and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.14 Concentrations (mg/kg) of copper in liver of Tilapia after exposure to 
Deep Bay sediments for 3, 6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
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Figure 3.15 Concentrations (mg/kg) of copper in liver of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3，6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.16 Concentrations (mg/kg) of copper in muscle of Tilapia after exposure 
to Victoria Harbour sediments for 3, 6, and 9 days. Metals level of treatment 
groups with significant different from the control group were shown by asterisk (*) 
(P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.17 Concentrations (mg/kg) of copper in muscle of Tilapia after exposure 
to Deep Bay sediments for 3, 6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.18 Concentrations (mg/kg) of copper in muscle of Tilapia after exposure 
to Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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For Pb, except gills after exposure to KLC sediments, significant Pb uptake was 
found after exposure to sediments in the three organs (Figure 3.19 - 3.21 for gills, 
Figure 3.22 - 3.24 for liver and Figure 3.25 - 3.27 for muscle). After exposure to 
WKS and LCW sediments, male Tilapia generally accumulated the least Pb. 
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Figure 3.19 Concentrations (mg/kg) of lead in gills of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6, and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.20 Concentrations (mg/kg) of lead in gills of Tilapia after exposure to 
Deep Bay sediments for 3, 6，and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.21 Concentrations (mg/kg) of lead in gills of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.22 Concentrations (mg/kg) of lead in liver of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6，and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.23 Concentrations (mg/kg) of lead in liver of Tilapia after exposure to 
Deep Bay sediments for 3, 6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.24 Concentrations (mg/kg) of lead in liver of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3，6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.25 Concentrations (mg/kg) of lead in muscle of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6，and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
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Figure 3.26 Concentrations (mg/kg) of lead in muscle of Tilapia after exposure to 
Deep Bay sediments for 3，6，and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.27 Concentrations (mg/kg) of lead in muscle of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Zn was taken up significantly in gills (Figure 3.28 - 3.30) and liver (Figure 
3.31 - 3.33), with a few exceptions in the SBR and LCW sediment exposures. 
However, in muscle (Figure 3.34 -3.36) only samples from exposure to WC and FT 
sediments accumulated Zn. After exposure to LFS and KT sediments, male Tilapia 
was generally accumulated the highest levels of Zn. After exposure to LCW 
sediments, gills and muscle accumulated the least amount. Following exposure to 
KLC and WKS sediments, liver of male Tilapia accumulated the least Zn. 
In general, liver accumulated more cadmium and copper than gills and muscle. 
For lead and zinc, gills and liver accumulated the same degree of metal. Muscle 
accumulated much less metals. 
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Figure 3.28 Concentrations (mg/kg) of zinc in gills of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6，and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.29 Concentrations (mg/kg) of zinc in gills of Tilapia after exposure to 
Deep Bay sediments for 3, 6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.31 Concentrations (mg/kg) of zinc in liver of Tilapia after exposure to 
Victoria Harbour sediments for 3，6，and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
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Figure 3.32 Concentrations (mg/kg) of zinc in liver of Tilapia after exposure to 
Deep Bay sediments for 3，6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.33 Concentrations (mg/kg) of zinc in liver of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3, 6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.34 Concentrations (mg/kg) of zinc in muscle of Tilapia after exposure to 
Victoria Harbour sediments for 3, 6, and 9 days. Metals level of treatment groups 
with significant different from the control group were shown by asterisk (*) (P < 
0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.35 Concentrations (mg/kg) of zinc in muscle of Tilapia after exposure to 
Deep Bay sediments for 3，6, and 9 days. Metals level of treatment groups with 
significant different from the control group were shown by asterisk (*) (P < 0.05) 
comparing by Holm-Sidak multiple comparison test (n=3-5). 
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Figure 3.36 Concentrations (mg/kg) of zinc in muscle of Tilapia after exposure to 
Tolo Harbour and Lai Chi Wo sediments for 3，6, and 9 days. Metals level of 
treatment groups with significant different from the control group were shown by 
asterisk (*) (P < 0.05) comparing by Holm-Sidak multiple comparison test (n=3-5). 
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3.3.2 Dose, duration and source of sediments affecting metals uptake 
In gills (Table 3.1)，Cd uptake was affected by exposure duration and sediments 
sources. Cu and Zn uptake were affected by sediments concentration and 
sediments sources. Pb uptake was affected by all the three factors. 
In liver (Table 3.2)，Cd and Cu uptake were affected by all the three factors. 
Pb uptake was affected by only sources of sediments. And Zn uptake was affected 
by exposure duration and sources of sediments. 
In muscle (Table 3.3), Cd and Pb uptake were affected by sediments 
concentration and source of sediments. Cu and Zn uptake were affected by sources 
of sediments only. And thus, all the metals uptake in organs were affected by 
source of sediments. 
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Table 3.1 Results of three ways ANOVA test on the effect of sediments 
concentration (%)，duration of exposure and source of sediments on Cd uptake in 
gills of Tilapia. 
Metal Source of Variation DF P 
Cd sediments % 2 0.162 
exposure duration 2 0.002 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.018 
sediments % x sediments source 18 <0.001 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 <0.001 
Cu sediments % 2 0.037 
exposure duration 2 0.11 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.115 
sediments % x sediments source 18 0.251 
exposure duration x sediments source 18 0.003 
sediments % x exposure duration x sediments source 36 0.054 
Pb sediments % 2 0.007 
exposure duration 2 0.047 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.04 
sediments % x sediments source 18 <0.001 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 <0.001 
Zn sediments % 2 0.045 
exposure duration 2 0.147 
sediments source 9 0.023 
sediments % x exposure duration 4 0.363 
sediments % x sediments source 18 0.193 
exposure duration x sediments source 18 0.963 
sediments % x exposure duration x sediments source 36 0.474 
Data that do not meet the requirements for normality and homoscedasticity were 
subject to natural logarithmic transformation. 
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Table 3.2 Results of three ways ANOVA test on the effect of sediments 
concentration (%), duration of exposure and source of sediments on Cd uptake in 
liver of Tilapia. 
Metal Source of Variation DF P 
"Cd sediments % 2 0.008 
exposure duration 2 0.038 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.476 
sediments % x sediments source 18 <0.001 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 0.003 
Cu sediments % 2 0.004 
exposure duration 2 <0.001 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.421 
sediments % x sediments source 18 0.002 
exposure duration x sediments source 18 0.002 
sediments % x exposure duration x sediments source 36 0.003 
Pb sediments % 2 0.166 
exposure duration 2 0.746 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.629 
sediments % x sediments source 18 0.438 
exposure duration x sediments source 18 0.636 
sediments % x exposure duration x sediments source 36 0.985 
Zn sediments % 2 0.681 
exposure duration 2 0.026 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.355 
sediments % x sediments source 18 0.005 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 0.109 
Data that do not meet the requirements for normality and homoscedasticity were 
subject to natural logarithmic transformation. 
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Table 3.3 Results of three ways ANOVA test on the effect of sediments 
concentration (%)，duration of exposure and source of sediments on Cd uptake in 
muscle of Tilapia. 
Metal Source of Variation DF P 
Cd sediments % 2 0.002 
exposure duration 2 0.368 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.328 
sediments % x sediments source 18 <0.001 
exposure duration x sediments source 18 0.001 
sediments % x exposure duration x sediments source 36 0.002 
Cu sediments % 2 0.582 
exposure duration 2 0.49 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.261 
sediments % x sediments source 18 0.462 
exposure duration x sediments source 18 0.194 
sediments % x exposure duration x sediments source 36 0.079 
Pb sediments % 2 0.025 
exposure duration 2 0.182 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.834 
sediments % x sediments source 18 <0.001 
exposure duration x sediments source 18 0.376 
sediments % x exposure duration x sediments source 36 0.346 
Zn sediments % 2 0.116 
exposure duration 2 0.186 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.631 
sediments % x sediments source 18 0.02 
exposure duration x sediments source 18 0.104 
sediments % x exposure duration x sediments source 36 0.05 
Data that do not meet the requirements for normality and homoscedasticity were 
subject to natural logarithmic transformation. 
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3.3.3 Results summary 
In less contaminated sites (WKS and LCW), the accumulated metals were far 
below that of VH, DB and FT, but still significantly more than the control. 
However, when compared the contaminated sites uptake, there were variations in the 
results. Metals showed accumulation in dose and time dependent manner in 
Tilapia after exposure to contaminated sites sediments in VH, DB and FT. On the 
other hand, on day 9 of exposure, some of the metal level declined to a very low 
level. Generally speaking, Cd and Cu mainly accumulated in liver, while lead and 
zinc mainly accumulated in gills and liver. 
3.4 Discussion 
3.4.1 Site comparisons 
Metal uptake after 9 days of exposure to 1 % sediments were used for site 
comparisons (Holm-Sidak multiple comparison test). For Cd, Cu and Pb, exposure 
to KT and FT sediments generally resulted in the highest metal uptake in the three 
organs, which were followed by sediments from WC and DB. KT and FT also had 
the highest exchangeable metal contents. After exposure to KLC sediments, Cu 
uptake in gills was the highest. However, uptake of other metals in the three 
organs remained very low. Exposure to WKS and LCW sediments led to minimal 
99 
uptake and had the lowest concentrations in the three organs. For Zn, the highest 
metal uptake was found after exposure to LFS sediments, while the lowest was 
found after exposure to KLC, WKS and LCW sediments. This was different than 
the concentrations of total and exchangeable metals. LFS sediment was found to 
have the lowest Zn total content, while LFS, KLC, WKS and LCW had no 
significant difference in exchangeable content. 
3.4.2 Comparison with other studies 
Concentrations of metal from field studies using Tilapia were compared with 
the present study. In the Nasser Lake of Egypt, metals in Tilapia, sediments and 
aquatic plants were measured (Table 3.4) (Rashed, 2001). Concentrations of 
metals in fish in Nasser Lake were an order of magnitude much lower than the 
exposed samples in the current study (after multiplying by 5 for dry /wet weight 
ratio). This might be due to lower concentrations of soluble metals available in the 
field than the exchangeable contents in exposure experiments (Table 3.4 and Table 
2.2 - 2.5). In the field, Tilapias might be able to avoid heavily contaminated 
sediments but not in exposure experiments. Accumulation of cadmium and lead in 
fish resulted from consumption of aquatic plants and also from sediment used as part 
of their food (Rashed, 2001). 
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Table 3.4 Metals concentrations (^ig/g DW) in different tissues of Tilapia nilotica, 
lake sediments, aquatic plants {Najas armeta) and lake water in Nile, Egypt (Rashed, 
2001). 
Tissues Cd Cu Pb Zn 
Gill 0.05 ± 0.02 0.338 ±0.120 0.55 士 0.05 1.372 ±0.4422 
Liver 0.024 士 0.008 7.5 士 2.7 0.32 士 0.22 2.28 士 0.38 
Muscle 0.018 士 0.004 0.260 士 0.084 0.13 士 0.077 0.630 土 0.062 
Aquatic plant 0.135 士 0.007 NA 1 士 0.14 NA 
Sediment 5.37 士 1.61 NA 21 士 2.3 NA 
Lake water 0.001 士 0.0001 NA 0.005 士 0.0002 NA 
NA = data not available 
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In Hong Kong, Tilapia and sediments from FT, Tai Wai (TH), Mai Po (fish 
ponds) were previously collected for metals analysis (Zhou et al., 1998) (Table 3.5). 
Sediments in FT contained more metals than Tai Wai, and Mai Po (fish ponds) had 
the least amount of metals (discussed in Chapter 2). And at the same time, Tilapia 
from FT and Tai Wai accumulated substantial amounts of metals than Mai Po. 
Similar results were observed in the current exposure study, exposure to FT resulted 
in higher metal uptake than observed in uncontaminated sites. Comparing metal 
residues in gills and muscle (multiplying 5 for Dry-wet ratio), metal contents in field 
samples were much lower than the tissue residues of exposed samples, see Table 3.6 
(Shen et al., 1998). 
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Table 3.5 Metal contents in different organs of Tilapia (|ig/g, 
dry weight) collected in Hong Kong. Means with the same 
superscript in the same row are not significantly different 
according to Duncan's multiple range test (p < 0.05) (Zhou et 
al, 1998). 
Organs Metal Fo Tan Tai Wai Mai Po 
Gill Cd 1/76 ± 0.13a 1.85 士 0.22a 1.30 士 0.13b 
Cu 3.86 士 0.20b 7.24 士 0.58a 3.62±0.33 b 
Pb 11.0±1.2 a 12.6 士 1.5a 6.40 士 0.5!3b 
Zn 77.8±6.6 a 74.2 士 11. l a 87.2±8.0 a 
Viscera Cd 0.39 ± 0.06b 0.57±0.03 a 0.31 士 0.06b 
Cu 168 士 60 a 86.4±4.2 b 4.93 ± 0.94c 
Pb 0.77±0.03 b 7.76 士 1.77a 5.20±1.14 a 
Zn 30.6 士 4.8C 96.0±5.4 a 48.8 士 8.0b 
Muscle Cd 0.54±0.19 a 0.50 士 0.07a，b 0.3 ± 0.02b 
Cu 2.09 士 0.56a 2.49 ± 0.50a 1.99 士 0.16a 
Pb 1.53 士 0.55a 1.93±0.28 a 1.37±0.22 a 
Zn 22.4 士 1.5a 23.4 士 26.7 ± 3. l a 
Mean with the same superscript in the same row are not significant different 
according to Duncan's multiple range test (p < 0.05). 
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Table 3.6 Concentrations of Cd, Cu, Pb and Zn in Tissues 
of Tilapia Collected from the Shing Mun River (ppm, wet 
weight) (Shen et al., 1998). 
Organs Metal Fo Tan Tai Wai 
Gill Cd 0.018 士 0.01 0.049 ±0.02 
Cu 1.36 士 0.88 11.26 士 8.28 
Pb 0.5 士 0.25 0.38 士 0. 
Zn 25.3 士 7.9 26.7 士 8.8 
Liver Cd 0.207 士 0.1 0.393 士 0.17 
Cu 174 ±79 328 ±181 
Pb 0.286 ±0.192 0.455 ±0.168 
Zn 28.4 士 7.9 38.4 ±9.8 
Muscle Cd 0.011 ±0.004 0.016 士 0.009 
Cu 0.26 士 0.09 0.24 士 0.09 
Pb 0.165 ±0.07 0.247 士 0.163 
Zn 18.5 士 4.4 17.8 ±3.6 
(ppm = mg/kg) 
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In the present study, liver was found to be the major site of metals 
accumulation. However, Cd was found to be mainly accumulated in gills in field 
samples (Rashed, 2001; Zhou et al,, 1998; Shen et aL, 1998), which was different 
from the residues of sediment exposed fish. Gills are often the first target for 
pollutants in water. Absorption across the gills might be the major pathway of Pb 
and Cd entering Tilapia (Huges and Flos, 1978; Thomas et al., 1983; Heath et al., 
1987; Sorensen, 1991; Zhou et al, 1998). Gills might be a better indicator of 
short-term exposure to Cd than the liver (Daglish and Nowak, 2002). For other 
metals (e.g. Cu and Zn), liver was the major accumulation site (Al-Yousuf et al., 
2000). Tissue residues from the sediment exposure and field samples (Rashed, 
2001; Zhou et al., 1998; Shen et al., 1998) showed that muscle did not accumulate 
as much metals as gills and liver. However, muscle still showed metal uptake in 
fish from a contaminated habitat. 
In a field study from Taiwan,洪英女(2002) collected different fish species in 
industrial regions (Table 3.7 and 3.8). Comparing their metal content to the present 
study, metals in liver and muscle were much higher in the sediment exposed male 
Tilapia (except Zn in liver of Arius maculates) than the Taiwan survey (洪英女， 
2002). 
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Table 3.7 Metal concentrations (ppm, mean 士 S. D.) in muscle of different fish 
species collected from Yunlin，Taiwan (洪英女，2003). 
Fish species Cd Cu Zn 
Arius maculates < 0 . 0 2 5 0 . 4 0 士 0 . 1 6 4 . 7 7 士 0 . 7 3 
Bostrichthys sinensis < 0 . 0 2 5 0 . 2 2 士 0.11 3 . 0 4 士 0 . 0 3 
Cynoglossus robustus < 0.025 0.24 2.39 
Grammoplites scaber < 0 . 0 2 5 0 . 2 4 士 0 . 0 4 2 . 3 2 士 0 . 1 0 
Liza affinis < 0 . 0 2 5 0 . 4 2 ± 0 . 2 4 3 . 6 1 士 0 . 7 0 
Maenesox cinereus < 0 . 0 2 5 0 . 3 2 士 0 . 1 7 10.7 士 6.4 
Paraplagusia guttata < 0.025 0.30 2.39 
Pennalhiapawak < 0.025 0.30 2.77 
Sillago sihama < 0 . 0 2 5 0 . 1 7 士 0 . 1 2 4 . 4 1 士0.43 
Terapon jarbus < 0 . 0 2 5 0 . 4 8 士 0 . 2 4 8 . 5 9 士 0 . 6 9 
Terapon theraps < 0.025 0.44 6.69 
1 mr 
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Table 3.8 Metal concentrations (ppm, mean 士 S. D.) in liver of different fish 
species collected from Yunlin, Taiwan (洪英女,2003). 
Fish species Cd Cu Zn 
Arius maculates 0 . 4 7 8 士 0 . 4 5 3 6 . 3 0 士 0 . 5 2 9 5 0 3 士 1 7 4 
Bostrichthys sinensis 0 . 0 6 5 士 0 . 0 0 4 0 . 0 7 2 士 0 . 0 0 4 7 . 8 4 士 1.58 
Cynoglossus robustus 1.580 0.149 25.2 
Grammoplites scaber 0 . 4 1 3 士 0 . 1 7 2 0 . 3 7 9 士 0 . 0 8 3 2 0 . 5 士 2 . 7 2 
Liza affinis 0.117 士 0.108 NA 18.1 士 0.97 
Maenesox cinereus 0 . 1 6 8 士 0 . 1 7 5 0 . 2 4 6 士 0 . 1 4 8 4 4 . 7 士 18.4 
Paraplagusia guttata 1.934 0.149 26.4 
Pennalhia pawak 0 . 5 7 2 0 . 0 8 9 3 2 . 1 
Sillago sihama 0.084 土 0.055 NA 25.7 士 4.83 
Terapon jarbus 0 . 1 6 3 士 0 . 0 3 3 0 . 1 5 6 ± 0 . 0 8 4 2 0 . 3 士 10.8 
Terapon theraps 0.159 0.660 27.6 
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Other species of fish (rabbitfish) were also caught from VH and TH for metal 
analysis (So et al, 1999) (Table 3.9). Generally, fish from VH had higher metal 
contents than fish from TH except Cd and Zn in the liver. Similarly, comparing 
rabbitfish samples in Chan's 1995 report (Table 3.10), field samples were similar to 
the levels of Cd, Cu and Pb from tissues offish exposed to the 0.1%, 0.5% 
concentrations of the VH sediments exposure (Multiplying by 5 for dry/wet ratio). 
In a laboratory study evaluating sublethal waterborne exposure to Cu or Cd, 
(Table 3.11), gills of Tilapia showed dose- (Cu and Cd) and time- (Cd) dependent 
uptake, and liver had Cd uptake in dose and time dependent manner (Pelgrom et al, 
1995). Compared to the present study, concentrations of Cd from gills in the 
Pelgrm et al study were similar to tissue residues following exposure to 
contaminated sediments. Concentrations of Cd liver were much higher than tissues 
offish exposed to the sediments. Concentrations of Cu from gills were similar to 
levels from fish exposed to DB sediments, and concentrations of Cu in liver were 
similar to control levels in the present study. Thus, Tilapia was capable to absorb 
Cu from contaminated sediments. 
Significance of the relationships between metal uptake and metal 
concentrations in different chemical fractions of sediments in other studies indicated 
that metal uptake might come from different fractions. Zhou et al (1998) found Cu 
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Table 3.9 Cadmium, copper, lead and zinc concentrations (ppm, wet weight) in 
tissues of rabbitfish collected in Victoria Harbour and Tolo Harbour in Hong Kong 
(So etal., 1999). 
Cd Cu Pb Zn 
Gills 
Victoria Harbour 0.081 2.91 0.42 22.90 
Tolo Harbour 0.025 1.00 0.164 23.72 
Liver 
Victoria Harbour 0.271 9.82 0.216 41.02 
Tolo Harbour 0.386 5.97 0.093 44.92 
Muscle 
Victoria Harbour 0.010 0.42 0.105 6.79 
Tolo Harbour 0.006 0.21 0.009 4.63 
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Table 3.10 Concentrations of metal concentrations (ppm, dry weight) in tissues of 
rabbitfish from Victoria Harbour (Chan, 1995). 
Cd Cu Pb Zn 
gills 18.00 士 4.60 15.60 士 4.00 94.60 士 22.70 165.70 ±56.50 
Viscera 3.90 士 1.10 26.60 士 15.90 26.80 士 10.20 192.90 士 105.00 
Muscle 3.30 士 1.10 5.70 ±4.00 19.10 士 6.30 66.60 士 31.80 
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Table 3.11 Concentrations of Cd and Cu (mg/kg) in gills and 
liver of Tilapia exposed for 6 or 11 days to 20|xg Cd litre"1 50|ig 
Cu litre'1 (Pelgrom et al, 1995). 
Control Cd 
Gills - 6 days 0.06 士 0.01 2.67 士 0.54**** 
Gills — 9 days 0.12 士 0.04 6.13 士 1.24**** 
Liver -6 days 0.31 士 0.04 8.96 士 1.50**** 
Liver -9 days 0.39 士 0.12 15.59 ± 5.23*** 
Control Cu 
Gills - 6 days 1.65 士0.17 3.19 士 0.18*** 
Gills - 9 days 1.59 ± 0.19 3.22 士 0.23**** 
Liver-6 days 73.1 士 12.3 100.6±1.26 
Liver - 9 days 86.2 ± 17.0 119.6 士 24.2 
Asterisks indicated significant differences between control and metal-exposed fish. 
I l l 
in viscera was related to all the fractions of sediments, and Pb in muscle was related 
to exchangeable fractions of sediments (Pearson correlation matrix, with p < 0.05). 
However, other metals uptake showed no relationship with any fraction of sediments 
(Zhou et al., 1998). 
3.4.3 Safety limits 
According to the local Public Health and Municipal Services Ordinance 
(PHMSO), the upper limit for Cd in fish is 2 ppm and Pb is 6 ppm in fish collected 
in rivers. Comparing the standard to the exposed muscle, most of the samples were 
within the Cd safety limit except following 9 days of exposure to 0.5 % and 1 % of 
the KT sediments. But for Pb, more samples exceeded the safety limit, including 
the 1% KT sediments, 0.1 and 1 % SBR sediments, and 0.5 and 1 % of FT sediments. 
Compared to international standards for metal content in muscle of fish (Table 3.12)， 
Cd in FT, KT and WC from the 1% exposure exceeded standards. Muscle from 
exposed male Tilapia was within the Cu standard (except the 0.1% day 9 of WC 
exposure). All residues in fish exposed to all sediments, including LCW, resulted 
in exceeding the international standards for Zn. 
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Table 3.12 Metal content standards (mg/kg) for fish in different countries 
(modified from 洪英女,2003). 
Country Standard Cd Cu Zn 
Australia AGPS 0.2a 10 150 McPherson (2001) 
Australia NHMRC 0.2 10 150 Sharif^a/ . (1993) 
Australia and ANZFA NA 10 150 Mortimer (2000) 
New Zealand 
Denmark NFAD NA 1.0 NA Dietz^a/ . (1996) 
United Kingdom MAFF NA 20 50 Sally ^ a/. (1996) 
USA US FDA NA 3.0a NA Jewett W a/. (2000) 
Yugoslavia YFQR NA 0.1 NA Ozretic et al. (1990) 
AGPS = Australian Government Publishing Service (1983). 
NHMRC = National Health and Medical Research Council of Australia (1971 and 
1973) 
ANZFA = Australian and New Zealand Food Standards (1999) 
NFAD = National Food Agency of Denmark 
MAFF = Ministry of Agriculture Fisheries and Food 
US FDA = United States Food and Drug Administration (1993) 
YFQR = Yugoslav Food Quality Regulation for Seafoods 
a= level of concern for Crustaceans 
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3.4.4 Summary 
In summary, metal uptake was observed in gills, liver and muscle of Tilapia 
exposed to contaminated sediments. Different organs accumulated metals in to 
varied levels. Gills accumulated Cd and Pb, while liver was the major sites of Cu, Pb 
and Zn accumulation. Muscle levels were relatively lower than the other two organs. 
Exposure to KT and FT sediments, led to the highest uptake of Cd, Cu and Pb in the 
three organs, while highest Zn uptake was found after exposure to LFS sediments. 
Lastly, most muscle residues of exposed Tilapia had Cd and Pb levels below safety 
limits but exceeded Zn safety limits. 
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Chapter Four 
Expression of Inducible Biomarker Genes (MT, CYP1A，Vtg) in Tissues of Male Tilapia After Exposure to Coastal Sediments Collected from Victoria Harbour, 
Deep Bay, Tolo Harbour and Lai Chi Wo 
4.1 Introduction 
In toxicity assessments, biological responses following exposure to sublethal 
level of contaminants can provide a sensitive assessment for signals of pollution at 
sublethal levels. Generally speaking, biological responses can be used as indicators 
for contamination in environment (Regoli et al, 2002). Biomarkers include those of 
exposure, effects, and/or susceptibility. Inducible genes are commonly used as 
biomarkers of exposures. Examples include metallothionein (MT), cytochrome 
P4501A (CYP1A) and vitellogenin (Vtg). 
MT, a low molecular weight protein (6000-7000 Daltons and 60-62 amino acids), 
is a cysteine-rich protein with up to 33% cysteine of all its residues. The cysteine 
residues allow coordination with metal ions, and provide a high affinity for divalent 
metal ions. Inducibility by heavy metals of MT gene expression is at the level of 
transcription and reflects the extent of biological consequences of environmental 
contaminants and provides the foundation for MT as a biomarker for exposure to 
metals contaminations in environmental monitoring. 
Polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbon (PAH), 
polybrominated biphenyls, dioxins, are persistent, cause chronic toxicity and may be 
bioaccumulated along tropic levels (Nakata et al., 2003). CYP1A is considered as a 
sensitive biomarker to planar aromatic chemicals since it is induced for detoxification 
for many organic toxicants as a phase I enzyme (Malmstrom et al., 2004). CYP1A is 
involved in the biotransformation of xenobiotics by catalyzing the oxidation of 
lipophilic toxicants to produce more polar products, which facilitates their excretion 
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from the animal (Parke et al, 1990). Moreover, CYP1A is the involved in the 
activation of procarcinogens, such as benzo(a, h)pyrene, indeno(l,2，3-cd) pyrene, 
benzo(g,h，i)perylene, and dibenzo(a,h)anthracene, to carcinogens (Wong et al, 2000). 
Vtg is a serum phospholipoglycoprotein which is a precursor for egg yolk 
(300-700kD) expressed only in female fish. It is synthesized in the liver of females 
in responding to circulating estrogens (Wahli, 1998; Lazier and Mackay, 1991). It 
also provides energy reserves for embryonic development in oviparous organism 
(Marin and Matozzo, 2004). However, if male fish are exposed to environmental 
estrogens, male fish may induce Vtg expression in liver and release it into the plasma. 
Therefore, Vtg can be a biomarker for estrogens exposure (Heppell et al., 1995; 
Sumpter et al, 1995). While a number of studies have indicated the use of Vtg as a 
biomarker in field (Garcia-Reyero et al., 2004; Hemming et al., 2004; Kleinkauf al, 
2004; Ma et al, 2005; Sumpter and Jobling, 1995) and exposure studies 
(Garcia-Reyero et al., 2004). 
In this chapter, inducible gene biomarkers, i.e., MT, CYP1A and Vtg, in different 
organs of Tilapia after exposure to sediments were analyzed. The levels of MT and 
CYP1A mRNA were analyzed by real time PCR, while protein levels of Vtg were 
analyzed by enzyme-linked immunosorbent assay (ELISA). 
4.2 Materials and Methods 
4.2.1 Samples collection 
All fish used for biomarker studies were the same as those used in Chapter 3. 
Tilapia hybrids (female Oreochromis niloticus x male Oreochromis aureus) (length 
1 2 - 15 cm; weight 20 - 30 g) of less than one year old were used for exposure 
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experiments. Eighteen male Tilapia fish were randomly chosen and put into the same 
tank for exposure. No food was added and within exposure period, mortality and 
temperature was record everyday. And after 3 days, 6 days and 9 days of exposure, 
5 male Tilapias were taken and dissected for later analyses of metal contents and 
biomarker studies. Gills and liver tissues samples obtained by dissection after 
exposure and were stored at -80°C before analysis. Plasma samples were used for 
Vtg assay. 200 |xL of blood was taken directly from the vein of the fish using a 1.0 
c.c. syringe with heparin. Then the blood sample was put into a 1.5 ml Eppendorf 
tube and centrifuged at 3000 x g for 5 minutes at 4°C. After centrifugation, plasma 
was pipetted into another 1.5 ml Eppendorf tube. The plasma and the remaining 
blood cells samples were stored in a freezer at -20°C. Details of exposure 
experiments and samples collection were described in Chapter 3.2. 
4.2.2 Preparation of apparatus 
All the apparatus for dissection and tissues storage were autoclaved. And 
apparatus that cannot be autoclaved were treated with diethyl pyrocarbonate (DEPC, 
0.1 % v/v in ddH 20). 
4.2.3 mRNA expression analysis 
4.2.3.1 Isolation ofRNA 
Approximately 0.1 g of tissue (gills and liver) was treated with 1 mL TriPure 
Isolation Reagent (Roche) for RNA isolation. Tissues were homogenized on ice. 
Chloroform (200 J I L ) was added and then mixed until no separate layers were 
observed and kept at room temperature for 2 minutes. The samples were then 
centrifuged at 12000 x g for 15 minutes at 4°C. The clear upper supernatant was 
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transferred to another autoclaved microcentrifuge tube and then isopropanol (200 i^L) 
was added to precipitate RNA. After centrifugation at 12000 x g for 15 minutes at 
4°C, a white RNA pellet was formed. Isopropanol was removed and the RNA pellet 
was washed by 200 ^L 70% ethanol. After centrifugation at 7500 xg for 5 minutes 
at 4°C, the RNA pellet was dried in a DNA Speed Vac (Savant, DNA110) for 2 
minutes. Then the pellet was dissolved in 50 jxL DEPC water. The purity and 
efficiency of RNA extraction was measured by spectrophotometer (UV1601 
spectrophotometer) evaluation at 260 and 280nm (A260/A280 ratio between 1.8 and 
2.0) in a quartz cuvette. 
4.2.3.2 Reverse transcription 
One (iL of 1 (ag/juL RNA was added to 10 pmol Oligo dT primer and 9 J L I L DEPC 
water. The mixture was kept in 65°C for 10 minutes. The denatured RNA was 
mixed with 4 i^L 5X Reaction Buffer (Promega), 2 jiL 0.1M DTT，1 jxL 10 mM 
dNTPs, 10 units RNasOUT T m ribonuclease inhibitor (GibcoBRL) and 250 units 
M-MLV-RNase H minus (Promega) and kept at 37°C for 1 hour. Afterwards, the 
reaction was stopped by treatment at 65 °C for 10 minutes. The first strand cDNA 
was diluted with 80 \iL autoclaved distilled water for real-time PCR. 
4.2.3.3 Real time PCR 
One |oL of the first stand cDNA sample was added to 1.25 pmole forward primer 
(MT/CYP1A), 1.25 pmole reverse primer (MT/CYP1A) (Table 4.1), 12.5 jaL Platinum 
Brilliant® SYBR Green qPCR SuperMix-UDG (Invitrogen), 1 . 5 J I L ROX Reference 
dye ((Invitrogen), and autoclaved distilled water to make up to a volume of 25 juL (as 
indicated by Invitrogen). The PCR cycle of the first strand cDNA was carried out 
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using ABI Prism 7700 Sequence Detection System (Table 4.2). After PCR, a 
dissociation curve was constructed (Table 4.2) to determine the existence ofnon 
specific binding for primer dimers. The results obtained were analyzed as mentioned 
in the method guide in User Bulletin #2: ABI Prism 7700 Sequence Detection System 
(ABI, 2001) with 18s RNA for normalization. The Comparative C T method was 
used according to the Bulletin, and the fold induction was calculated as 2 ' A A C T , which 
was C T of the difference of target gene (MT/CYP1A) minus reference gene (18s) 
(Chan et al, 2004) between tested samples and control. 
Table 4.1 Primer (MT, CYP1A and 18S) sequences for 
Real time PCR. 
Primer Sequence 
TMTA 5'-ATGGACCCCTGCGAGTGCGCC-3' 
TMTD 5' -TC ACTGGC AGC AGCTGGTGTC-3' 
FCYP1A 5'-CACTGGGAGGACAGGAAGC-3' 
RCYP1A 5' - AGGGC AAGTATGAGGAATGG-3' 
F18S 5' -GGTTCGATTCCGGAGAGGGAGC-3' 
R18S 5,-ACGAATGCCCCCGGCCGTCCCTC-3， 
Table 4.2 The thermal cycle conditions and dissociation curve conditions for Real time PCR 
Cycle Duration of cycle Temperature (°C) 一 1 lOmin 95 
~40 30s 一 95 1 min 58 1 min 72 — 
Dissociation Duration Temperature (°C) 
— 15s 一 95 20s 60 15s 95 
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4.2.4 Vitellogenin (Vtg) 
Vtg in plasma was analyzed using a by Carp vtg EIA kit (VO1003401, Biosense 
Laboratory). Coating solution was prepared by diluting 110 jiL capture antibody in 
10.9 mL coating buffer. Coating solution (100 (xL) was added to all wells in microtiter 
plate and incubated at 37°C for 1 hour. The wells were washed 3 times with 200 jxL 
washing buffer (provided in the EIA kit) per well. The blocking/dilution buffer (200 
J L I L , provided in the E I A kit) was added to each well and then incubated at 37 °C for 1 
hour. The carp-Vtg/ (250 ng/mL) solution was prepared by diluting carp-Vtg 
standard with blocking/dilution buffer, and the standard was performed by serially 
diluted. Samples were diluted 200 times with blocking/dilution buffer. And 100 
(iL of standard/ samples was added to each well in duplicate. The blocking/diluting 
buffer (100 终L) was added as a sample blank. Then all the samples were incubated 
at 37°C for 1 hour. Detecting antibody was diluted 500 fold by adding 22 J L I L 
detecting antibody to 11 mL blocking/dilution buffer. After each well washing with 
200 J I L washing buffer three times, 100 J J L of diluted detecting antibody was added to 
each wells. And then the whole plate was incubated at 37 °C for 1 hour. 
Secondary antibody was diluted 2000 fold by adding 6 jxL secondary antibody to 
12 mL blocking/dilution buffer for each plate. The plate was washed with washing 
buffer three times and then 1 0 0 | L I L of the diluted secondary antibody was added to 
each well. The plate was incubated at 37 °C for 1 hour. The plate was then washed 
again five times, and 100 |xL substrate solution was added to all wells. The plate was 
incubated in the dark at room temperature (20-25�C) for 30 minutes. H 2 S0 4 (5 |xL) 
was added to all wells to stop the reaction. After 5 minutes, absorbance at 492 nm 
was read using a microtiter plate reader. 
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4.2.4 Statistics analysis 
All data of MT/CYP1A fold induction were presented as mean 士 range，in which 
were calculated according to User Bulletin #2: ABI Prism 7700 Sequence Detection 
System (ABI, 2001). Data of Vtg were presented as mean 士standard deviation. 
Variation in metal in concentration in different time-course and dose-response were 
test by two-way ANOVA followed by Duncan's multiple range tests. Correlation 
was analyzed by Pearson test. The level of significance was set at p value <0.05. 
All statistical calculations were performed using SigmaStat software on a personal 
computer. 
4.3 Results 
4.3.1 MT mRNA expression in tissues of male Tilapia exposed to sediments 
In gills (Figure 4.1 to 4.3), exposure to VH sediments led to significant MT 
mRNA expression compared with the blank controls. MT induction in gills was as 
high as 671 (1 % FT of day 9) times the levels in controls. After exposure to VH 
sediments, the highest fold induction was found in the WC 1 % exposure a 15.89-fold . j 
induction after day 3 increased to 42.81 by day 9. After exposure to DB sediments, a 
128 fold induction was observed following exposure to at 0.5% of LFS sediments 
after 9 days. After exposure to WKS and SBR sediments, gills showed lower 
expression of MT than other sites in DB. Limited MT induction was observed in 
male Tilapia exposed to LCW sediments. 
In liver (Figure 4.4 to 4.6), induction was clear in all the contaminated sites 
including WKS sediments. The highest liver MT expression was observed after 
exposure to KT (302.33-fold in 1% dose). After exposure to DB sediments exposure, 
the MT expression fold induction was generally lower than that in VH, with the 
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maximum fold induction ranging from 23.3 to 101.97，which all appeared after day 9 
of exposure. Following exposure to FT sediments exposure, expression pf MT fold 
was more than all the other sites with the maximum in the dilution 0.1% after 9 days 
exposure being 755.87. At the dilution 1 %, MT was 206.98-fold higher after 9 days. 
Contrasting the gills, after exposure to WKS sediments, liver MT levels were induced 
up to 120.47 fold, but after exposure to LCW sediments, MT levels remained low. 
Generally speaking, exposure to VH sediments led to higher concentrations of 
MT than that in DB. However, the most obvious results were found in FT sediment 
exposure. Low concentrations of sediments or short duration of exposure generated 
relatively high induction. KLC and FT sediments exposure induced the highest MT 
expression in gills and liver respectively. Exposure to LCW sediments induced the 
lowest MT mRNA. 
Induction of MT in liver was more obvious especially follow exposure to low 
concentrations of sediments or less contaminated sites compared to responses in gills. 
Hepatic MT mRNA levels were sensitive biomarkers of exposure to metals. Exposure 
to sediments from VH and FT showed similar pattern of induction of MT mRNA in 
liver and gills with dose and time responsiveness. And after FT sediments exposure, 
gills had the highest expression overall. 
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Figure 4.3 Expression of MT mRNA in gills after exposure to Tolo Harbour and Lai 
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Figure 4.6 Expression of MT mRNA in liver after exposure to Tolo Harbour and Lai 
Chi Wo sediments (n=3-5). 
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4.3.2 CYP1A mRNA expression in tissues of male Tilapia exposed to sediments 
In gills (Figure 4.7 to 4.9)，CYP1A expression increased with dose dependence, 
with the highest expression observed in the 1 % dilution. After exposure to low 
concentrations of sediments, CYP1A was not induced significantly. After exposure 
to VH sediments, the largest fold induction was found after exposure to KLC 
sediments (1 % day 6), which was also the largest among all the other exposures. 
Overall, after KLC sediments exposure, gill CYP1A expression was also higher than 
other sites, with expression ranging from 19.82 to 239.41-fold. After exposure to 
KT sediments, CYP1A was induced 173-fold in the 1 % dilution after 9 days of 
exposure. A 34-fold increase was observed in the dilution after 3 days in WC 
exposure. After exposure to DB sediments, CYP1A in gills of male Tilapia was 
induced up to 101 fold after exposure to the 1 % LFS sediment dilution after 3 days, 
and 81-fold after 6 days exposure to 1 % of TBT sediments. CYP1A expression 
after SBR sediment exposure was relatively low, with the largest expression being 14 
fold at the 1 % dilution after 9 days of exposure. Although expression of CYP 1A 
after exposure to FT sediments was as high as 216-fold at the 1 % dilution after 9 days 
of exposure, gill CYP1A was limited throughout the exposure. This may be due to 
low trace organics in FT sediments, but at high concentration of sediments exposure, 
contaminants other than tested trace organics may induce CYP1A. Induction of 
CYP1A after exposure to WKS and LCW sediments were both low, especially, in 
LCW, CYP 1A was induced up to 3 fold but exposure to all the other sediment failed 
to induce CYP1A. 
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Figure 4.9 Expression of CYP1A mRNA in gills after exposure to Tolo Harbour and 
Lai Chi Wo sediments (n=3-5). 
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In liver (Figure 4.10 to 4.12)，CYP1A was induced following exposure to 
different concentrations of sediments and became significant after longer durations of 
exposure. After exposure to VH sediments for 9 days, the highest response was 
found after KLC sediment exposure, with a 1364-fold increase at the 0.5 % dilution. 
After KT and WC sediment exposure, 112-fold and 57-fold increases in CYP1A 
expression was observed after 9 days of exposure. The time course relationship of 
induction was significant after exposure to TBT sediments, increases of 27，191 and 
52 times control were observed at the 0.1 %, 0.5 % and 1 % sediment dilution, 
respectively. Similar to gills, exposure to SBR sediments led to limited CYP1A 
induction. A time course relationship was observed in fold exposed to FT. The 
highest fold induction was 76 fold. WKS sediment exposure also induced CYP1A 
up to 41 fold, while LCW exposure induced 24 fold of CYP1A in liver of male 
Tilapia. 
Exposure to FT and KT sediments induced the highest CYP1A fold in gills and 
liver, respectively. LCW sediment exposure induced the lowest CYP1A mRNA. 
However, at higher concentrations, i.e., 1 %, the induction was diminished. 
Expression of CYP1A in gills and liver did not follow the same trends. 
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Figure 4.12 Expression of CYP1A mRNA in liver after exposure to Tolo Harbour 
and Lai Chi Wo sediments (n=3-5). 
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4.3.3 Vtg expression in tissues of male Tilapia exposed to sediments 
After 3 days of exposure (Figure 4.13 and 4.14)，Vtg was induced significantly in 
fish exposed to 1 % of WC, 0.1 % of SBR and 0.5 % and 1 % of KLC sediments 
exposure. Following 9 days of exposure, induction of Vtg was diminished with 
exposure to only the 0.1 % dilution ofKT, WC, SBR and LFS sediments, and 1 % of 
KLC induced Vtg compared to unexposed control. 
4.3.4 Dose and time dependent relationships 
Dose and time relationships were significant with all biomarkers analyzed from 
MT, CYP1A (Table 4.3) to Vtg (Table 4.4), except gill MT and CYP1A after LCW 
exposure and liver CYP1A after SBR exposure. 
4.3.5 Results summary 
Overall, biomarkers were highest after exposure to FT and VH sediments. 
Exposure to DB sediments induced biomarkers to a less extent relative to VH. 
Exposure to WKS and LCW sediments, biomarkers showed the lowest induction. 
Biomarker expression in liver was more sensitive than gills. MT, CYP1A and Vtg 
had significant dose and time related induction. For Vtg, in short term exposures, 
VH sediments induced higher levels of Vtg than DB sediments. After long term 
exposure, DB sediment exposure induced higher levels of Vtg than VH. 
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Figure 4.13 Vtg concentration (mg/mL) in plasma in male Tilapia after exposure to Victoria Harbour sediments. Vtg level of treatment groups with significant different from the control group were shown by asterisk (*) (P < 0.05) (n=3) comparing by multiple range tests. 
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Table 4.4 Statistical analysis of time- and dose-
dependent responses (2-way ANOVA) of Vtg induction 
in plasma of Tilapia after sediments exposure. 
Sites Interaction Time course Dose response 
KT 0.0002 p < 0.001 0.0042 
KLC 0.0017 p < 0.001 0.0063 
WC 0.0021 p < 0.001 0.0014 
LFS p < 0.001 p < 0.001 p < 0.001 
SBR 0.0237 p < 0.001 0.0253 
TBT P <0.001 p< 0.001 p< 0.001 
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4.4 Discussion 
4.4.1 Correlation of MT and CYP1A expression with metals uptake in gills and 
liver 
MT induction in gills was correlated with Cd uptake and MT induction in liver 
was correlated with Cd and Pb uptake. CYP1A induction in gills was correlated with 
Cu uptake and CYP1A induction in liver was correlated with Pb uptake (Table 4.5). 
In both gills and liver, not all the metals with significant correlation was found in MT 
and CYP1A induction in male Tilapias exposed to contaminated sediments. 
Different from the results of present study, high correlation was found in single 
metal/organic exposure to induction of MT/CYP1A in other studies. In the present 
study, when exposure to mixture of contaminants, the correlation would be affected by 
interactions among different chemicals and situation become complex. Similarly, 
correlation was poor between metals and MT induction in flounders in field study 
(Rotchell et al., 2001) and other species (Overnell and Abdullah, 1988; Roch and 
McCarter, 1984), explaining the difficulty of correlating biomarkers in fish exposed to 
a mixture of contaminants. 
It may be possible that other low molecular weight non-MT proteins may 
sequester those metals (Rotchell et al, 2001), thus low correlation between metals and 
MT induction was found in gills and liver of other species (Filipovic and Daspor, 
2003; Olsvik et al. ,2001). Secondary effects may also affect the levels of biomarkers 
in organisms exposed to contaminated sediments. 
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Table 4.5 Correlation of MT and CYP1A in gills and liver to metals uptake in the 
corresponding organs in Tilapia. (Significant correlations are indicated: *p<0.05, **P<0.01； ***P<0.001 (n=3-5) comparing by Pearson test) 
Enzyme P value Cd Cu Pb Zn 
MT in gills P value 0.0211 0.5352 0.7639 0.6226 
P value summary * ns ns ns 
MT in liver P value 0.0005 0.0521 0.0083 0.1103 
P value summary *** ns 氺  ns 
CYP1A in gills P value 0.3951 0.0013 0.1083 0.9642 
P value summary ns ** ns ns 
CYP1A in liver P value 0.3031 0.0955 0.0195 0.0831 
P value summary ns ns * ns 
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4.4.2 MT as a biomarker of metals exposure 
In the present study, significant dose and time course relationships were found in 
MT induction in male Tilapia tissue after exposure to metal-contaminated sediments. 
Similar results were found in other studies (Hogstrand and Haux, 1990; Wu and 
Hwang, 2003). MT expression in the liver can reflect the contamination in 
sediments. In contaminated sites, VH and FT, exposure to sediments induced higher 
MT in Tilapia than that in WKS and LCW. In another study in Hong Kong, higher 
zinc and copper as well as MT mRNA were also found in liver of Tilapia in Tai Wai 
than Fo Tan (Shen et al., 1998). However, there were some exceptions with high 
expression of hepatic MT of liver in Tilapia exposed to WKS sediments, which was 
up to 120 fold higher than that in DB exposure. However, total metals contents in 
WKS were lower than DB. When comparing metal accumulation in fish exposed to 
DB and WKS sediments, Pb and Zn accumulation in liver was similar, while Cd and 
Cu accumulation was higher after DB exposure than in WKS exposure. Although 
metal accumulation after exposure to WKS sediments was less than that of DB, the 
high MT fold induction might due to other contaminants. Thus, metal accumulation 
can be a better measurement of bioavailability of metals in environment; however, the 
results may not be clear for the effects to organisms. And molecular biomarkers can 
give more sensitive analysis to the effects in organisms. 
Tilapia exposed to sediments from Hong Kong (Victoria Harbour, Mai Po 
Marshes, Southern waters) had hepatic MT induction from 3.6 to 9 fold compared to 
control after 7 days of exposure in these three sites (Wong et a/., 2000). Wong et al 
(2000) indicated the induction patterns were comparable to the levels of metal 
contamination in the sediments, indicating that the biomarker responses could be used 
to differentiate low to high levels of contamination among sediments. However, 
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induction was much higher in the present study. The high induction might be 
because of the sensitivity of real time PCR in the present study. But other studies 
also showed no plateau of MT induction during exposure in some fish species 
(Hogstrand and Haux，1990). MT induction might also decline at certain metal 
concentrations and hence the dose-responsesiveness remains unclear (Ueng et al., 
1996; George, 1989) 
MT induction in liver and gills can also be applied to other fish species during 
exposure experiments (Hollis et al, 2001). Other field studies also reported the 
possibility of using MT as biomarkers for metal exposure in different fish species 
(Hogstrand and Haux, 1990; Linde et al., 2001; Roch and McCarter, 1984). 
Expression of MT in fish decreased after removal from contaminated sites, which 
make them a potential biomarker of exposure duration with high sensitivity 
(Hogstrand and Haux, 1990). But, age variation and seasonal changes in MT 
induction should be overcome before application in field study (Rotchell et al., 2000). 
4.4.3 CYP1A as a biomarker of organics contaminations 
In the present study, organic contaminants in male Tilapia were not measured 
due to high cost of measurement and limitation of sample sizes. As an alternative, 
CYP1A may be a biomarker for exposure to organics rather than bioaccumulation in 
tissues since even very low level of CYP1A mRNA induction can still be detected by 
Real time-PCR methods. Induction of CYP1A in the present study was significant in 
both liver and gills from fish exposed to sediments from contaminated sites. 
However, according to analysis of organics in Chapter 2, the pattern of CYP1A 
induction contrasted analytical measurements of the total organics content in 
sediments. High levels of CYP1A expression in both gills and liver were found in 
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male Tilapia exposed to KLC and KT sediments, which were the most contaminated 
sites in term of PAHs and PCBs (Table 2.6, Chapter 2). However, exposure to WKS 
sediments, which had limited contamination with organics, still induced high levels of 
CYP1A in liver in thel % sediments dilution of exposure. LCW was contaminated 
with moderate amount of organics, but the induction of CYP 1A in both gills and liver 
of Tilapia after exposure to LCW sediments were generally lower than that in WKS, 
which had lower organics. This indicated that the amount of organics in LCW may 
not be high enough to induce CYP1 A. Furthermore, total organics content may not 
reveal the availability of contaminants and also other contaminants might affect the 
induction of CYP1A as well. 
Another study also validated the use of CYP1A as biomarkers for organics 
(Wong et al, 2000). Wong et al (2000) showed that CYP1A in gills and liver was 
induced during exposure to contaminated sediments. And sediments with higher 
PCBs and PAHs contents (Victoria Harbour) led to higher CYP1A induction in 
Tilapia. 
CYP1A induction in this study (KT, WC and LFS) was diminished following 
exposure to higher dose or longer exposure. In the present study, CYP1A induction 
reached a maximum in liver after exposure to 0.5% dilution of sediment (VH and DB). 
After exposure to 1% dilution of sediments, fatality of Tilapia was reported. This 
may be due to the impaired function of CYP1A induction to biotransform 
contaminants. Other contaminants may also inhibit the induction of CYP1A at high 
concentrations. 
Due to low solubility of PCBs and PAHs in water, induction of gill CYP1A in the 
lower dose exposures was lower than in liver since most of the organics might come 
from direct ingestion of PCBs/PAHs in contaminated sediments through the diet. At 
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higher doses, CYP1A of gills was eventually induced. 
4.4.4 Real-time PCR 
Real-time PCR provided a direct measure of corresponding gene expression. It 
was more sensitive, reproducible and reliable than other methods of transcription 
measurements, such as northern blotting, or in situ hybridization (Bustin, 2000, Wang 
and Brown, 1999). It was also better than enzyme activities in analysis ofCYPlA 
(Zapata-Perez et al., 2002). Limit tissue biomass is needed for accurate results 
(Bustin, 20000; Campbell and Devlin, 1996; Wong et al., 2000). To make it reliable, 
maximum and basal induction levels should be determined, natural fluctuations and 
the correlation of manipulated experiment and natural conditions should also be 
determined (Tom et al, 2004). 
4.4.3 Vtg as a biomarker of xenoestrogen exposure 
Vtg in male Tilapia and response of vtg in fish exposed to sediments are rarely 
been analyzed. Effects of contaminated sediments on Vtg induction in plasma are 
not so well studied. In the present study, Vtg was induced in male Tilapia after 
exposure to contaminated sediments indicating the present of environmental estrogens. 
After 3 days of sediment exposure, estrogens in sediments were not detected too. 
Induction of Vtg in plasma of male Tilapia was found after 6 days of sediment 
exposure, and indicating xenoestrogens. After 9 days, decrease in Vtg was observed. 
This may due to high concentrations of estrogens or other contaminants inhibit the 
production of Vtg. 
In summary, liver was a better organ for measuring inducible gene biomarkers, 
although expression of MT and CYP1A in gills could also be induced significantly at 
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contaminated sites. Obvious dose and time relationships in MT and CYP1A 
induction make them good biomarkers for contaminated sediment exposure and can 
be applied to field studies. Overall, exposure to VH and FT sediments induced 
higher level of biomarkers in fish than exposure to sediments from other sites. The 
less contaminated sites (WKS and LCW) exposure could still induce MT and CYP1A 




Expression of Eenzyme Biomarkers (ALT, AST and CK) in Tissues of Male 
Tilapia After Exposure to Coastal Sediments Collected From Victoria Harbour, 
Deep Bay, Tolo Harbour and Lai Chi Wo 
5.1 Introduction 
Alanine transaminase (ALT) is an enzyme that is important in the processing of 
amino acids. It has an important function for the delivery of skeletal muscle carbon 
and nitrogen, in the form of alanine, to the liver (Treberg et al, 2002). ALT is 
expressed in high concentrations in the liver, and small amounts of this enzyme are 
also found in the heart and kidney (Hilmy et al, 1985; Gill et al, 1990). Aspartate 
transaminase (AST) is also involved in amino acid metabolism, and it is widely 
distributed with high concentrations in heart, brain, liver and kidney (De Aguiar et al, 
1995; Gill et al., 1990). 
Both ALT and AST enzymes are involved in gluconeogensis, in which 
noncarbohydrate precursors, such as pyruvate, are converted to glucose for 
subsequent ATP synthesis. In mammals, increased levels of ALT in blood are 
generally a result of liver disease associated with some degree of hepatic necrosis, 
such as cirrhosis and carcinoma. Therefore ALT is used for checking signs of liver 
disease as a biomarker. Damage or diseases to any of these tissues may also increase 
serum levels of AST. 
Creatine kinase (CK) is a dimeric enzyme that catalyzes the interconversion of 
creatine phosphate and creatine participating in ATP generation. Since it is 
important in the energetics of muscle contraction, it is abundant in muscle, gills and 
brain (Grzyb et al, 2003; Newsholm et al., 1978). The phosphate bond in creatine 
phosphate is energy rich. In the resting state, when the [ATP] / [ADP] ratio is high, 
most of the muscle creatine is present as creatine phosphate. During contraction, 
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when the [ATP] / [ADP] ration declines, ATP is regenerated rapidly by the reversible 
creatine kinase reaction. This is the most important source of ATP during the first 
seconds of muscle contraction (Meisengerg and Simmons, 1998). Damage to these 
tissues results in the release of increased levels of creatine kinase into the blood. 
Cardiac muscle injury results in a rise in serum CK activity. Therefore, 
measurement of CK activity in plasma is used as a diagnostic tool to detect 
myocardial infarction and various forms of muscle disease. 
Since it is abundant in liver and the liver serves as an organ for detoxification, 
ALT and AST levels in liver instead of plasma were analyzed. Studies indicated that 
induction in ALT and AST was found in fish following with metal exposure (Smet and 
Blust, 2001), and can be used as an early warning signal for exposure to metals. 
Since CK is abundant in gills and muscle for energy sources, CK levels in gills and 
muscle were analyzed. Studies indicated Cd inhibited CK in muscle of exposed fish 
(Almeida et al., 2001). 
Few studies with these biomarkers have been examined in fish, so the 
relationship of their response in fish to environmental contaminants is needed. In 
this chapter, ALT, AST activities of liver and CK activities of gills and muscle were 
analyzed to monitor these enzymes as biomarkers for sediment toxicity assessment. 
5.2 Materials and Methods 
5.2.1 Samples collection 
Eighteen male Tilapia hybrids were randomly chosen and put into the same tank 
for exposure as described in chapters 2 and 3. No food was added and within 
exposure period, mortality and temperature was record everyday. And after 3 days, 
6 days and 9 days of exposure, 5 male Tilapias were taken and dissected for later 
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analyses of metal contents and biomarker studies. Liver tissues samples for ALT and 
AST, gills and muscle for CK obtained by dissection after exposure were stored at 
-80°C before analysis. Details of exposure experiments and samples collection were 
described in Chapter 3.2. 
5.2.2 Alanine transaminase (ALT) and Aspartate transaminase (AST) 
Approximately 0.05 g liver samples were weighed, and homogenized with 1 mL 
homogenization buffer. The homogenate was centrifuged at 15000 x g for 15 
minutes at 4°C. Supernatant was collected and aliquoted for later enzyme assays 
(Almeida et al., 2001). 
The assay was carried out according to procedures listed in Infinity™ ALT 
Reagent/ Infinity AST Reagent (Sigma Diagnostics, procedure No. 52-UV/ No. 
51-UV). One mL assay reagents were first pre-warmed to 37 °C. Sample solutions 
of 0.1 mL were added to reagents and then absorbance at 340nm was recorded every 
30 seconds for 120 seconds. Distilled water was used as a blank. 
Protein standards were prepared by serial diluting a bovine serum albumin (BSA) 
standard solution (2 mg/mL) to concentrations of 1.5, 1.0, 0.8, 0.6, 0.4，0.2, 0.1 
mg/mL. Ten jiL of protein standards/ samples solutions (5 times dilutions) / blank 
(distilled water) were added in duplicate into a microtitreplate. BioRad (cat no. 
500-0006) Bradford reagent (200 i^L) was added into each well by a multi-pipette. 
Absorbance at 595 nm was measured (Bio-Rad 3550 Microplate reader) after 30 
minutes of incubation at 37 °C. 
The calculations were based on the folio wings parameter definitions. 
1. Enzyme activity= [ (AA 34onm /min)/ 6.22 x LP] x dilution factors 
2. Specific enzyme activity = enzyme activity/ [protein] 
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3. LP= cuvette path length in cm = 1 cm 
4. Dilution factor = total reaction volume in mL x 1000/ sample volume in mL 
=11000 
5. 6.22= millimolar absorption coefficient ofNADH at 340 nm. 
6. Unit of specific enzyme activity was |j,mol of NDAH formed / min / mg 
protein. 
5.2.3 Creatine kinase (CK) 
Muscle ( � 0 . 0 5 g) and gills (-0.1 g) samples were weighed and then 
homogenized with 1 mL homogenization buffer. The homogenate was centrifuged at 
15000 xg for 15 minutes at 4 °C. The supernatant was collected and aliquoted for later 
enzyme assays (Almeida et al., 2001). 
The assay was carried out according to procedures listed in Procedure No. 
47-UV of Sigma Diagnostics. One mL assay reagents (CK Reagent) were first 
pre-warmed to 30°C. Sample solutions of 0.02 mL were added to reagents and 
incubated at 30°C for 3 minutes. Then absorbance at 340 nm was recorded every 30 
seconds for 120 seconds. Distilled water was used as a blank. 
Protein standards were prepared by serial diluting a bovine serum albumin (BSA) 
standard solution (2 mg/mL) to concentrations of 1.5, 1.0, 0.8，0.6, 0.4, 0.2, 0.1 
mg/mL. Ten [iL of protein standards/ samples solutions (20 times dilutions) / blank 
(distilled water) were added in duplicate into a microtitre plate. BioRad (cat no. 
500-0006) Bradford reagent (200 |iL) was added into each well by a multi-pipette. 
Absorbance at 595 nm was measured after 30 minutes of incubation at 37°C. 
The calculations were based on the folio wings parameter definitions. 
1. Enzyme activity: [ (AA 340nm /min )/ 6.22 x LP] x dilution factors 
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2. Specific enzyme activity = enzyme activity/ [protein] 
3. LP= cuvette path length in cm = 1 cm 
4. Dilution factor = total reaction volume in mL x 1000/ sample volume in mL 
=51000 
5. 6.22= millimolar absorption coefficient ofNADH at 340 nm. 
6. Unit of specific enzyme activity was [imo\ ofNDAH formed / min / mg 
protein. 
5.2.4 Statistical analysis 
All data were presented as mean 士standard deviation. Three ways ANOVA test 
followed by Holm-Sidak multiple comparison tests were carried out. Correlation 
was analyzed by Pearson test. The level of significance was set at p value <0.05. 
All data analysis was performed using SigmaStat software on a personal computer. 
5.3 Results 
5.3.1 ALT 
Liver ALT was significantly induced after exposure to KLC, WC and KT (9 days) 
sediments (Figure 5.1). Sediments from DB (Figure 5.2) also induced ALT in livers 
of male Tilapia in longer and higher doses of sediment exposure. Induction of ALT 
was obtained after exposure to sediments from FT (Figure 5.3). Most exposures to 
WKS and LCW sediments did not induce ALT except the 0.1 % dilution after day 9 
and the 1 % dilution after day 3 of LCW exposure (Figure 5.3). 
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Figure 5.3 ALT activities (|n mol ofNDAH formed/ min/ mg protein) in liver after 
exposure to different concentrations of sediments from Tolo Harbour and Lai Chi Wo. 
Significant differences compared with control fish of the same exposure period are 
indicated: *p<0.05, **P<0.01; ***P<0.001 (n=3-5) comparing by Holm-Sidak 
multiple comparison test. 
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5.3.2 AST 
After exposure of fish to VH sediments (Figure 5.4), most of the liver AST 
induction was found in early days of exposure (day 3 and day 6) at the lower dilution 
of sediments (0.1 % and 0.5 %). After 9 days in the 1 % dilution of sediment 
exposure, AST in liver fell to near baseline levels. Similar results were found 
following in exposure to DB sediments (Figure 5.5). Although exposure to FT 
sediments induced AST in liver in male Tilapia, during day 9 or the 1% exposure, 
AST was also diminished compared to shorter and lower dose exposure. After 
exposure to WKS and LCW sediments (Figure 5.6), AST was induced in the higher 
sediment concentrations and longer durations. After exposure to LCW sediments, 
obvious dose response relationships were deserved after 3 and 6 day exposures. 
Levels of AST in liver exposed to LCW sediments were comparable to fish AST 
exposed to the contaminated sediment. 
5.3.3 CK in gills 
After exposure to sediments from WC, KT (Figure 5.7) and FT (Figure 5.9), gill 
CK in male Tilapia was immediately inhibited at low dose and shorter duration of 
exposure. After exposure to KLC (Figure 5.7), DB (Figure 5.8) and WKS (Figure 
5.9) sediments, inhibition of CK in gills was found only in either the 1 % dilution or 
after day 9 of exposure. After LCW (Figure 5.9) sediment exposure, gill CK 
remained constant. 
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Figure 5.4 AST activities (p mol ofNDAH formed/ min/ mg protein) in liver after exposure to different concentrations of sediments from Victoria Harbour. Significant differences compared with control fish of the same exposure period are indicated: *p<0.05, **P<0.01; ***P<0.001 (n=3-5) comparing by Holm-Sidak multiple 
comparison test. 
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Figure 5.5 AST activities (\i mol ofNDAH formed/ min/ mg protein) in liver after 
exposure to different concentrations of sediments from Deep Bay. Significant 
differences compared with control fish of the same exposure period are indicated: 
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Figure 5.6 AST activities (|i mol ofNDAH formed/ min/ mg protein) in liver after exposure to different concentrations of sediments from Tolo Harbour and Lai Chi Wo. 
Significant differences compared with control fish of the same exposure period are 
indicated: *p<0.05, **P<0.01; ***P<0.001 (n=3-5) comparing by Holm-Sidak 
multiple comparison test. 
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Figure 5.7 CK activities (jj, mol ofNDAH formed/ min/ mg protein) in gills after 
exposure to different concentrations of sediments from Victoria Harbour. Significant 
differences compared with control fish of the same exposure period are indicated: 
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Figure 5.8 CK activities (fa, mol of NDAH formed/ min/ mg protein) in gills after 
exposure to different concentrations of sediments from Deep Bay. Significant 
differences compared with control fish of the same exposure period are indicated: 
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5.3.4 CK in muscle 
After exposure to sediments from KT, WC (Figure 5.10)，SBR (Figure 5.11) and 
FT (Figure 5.12), muscle CK was inhibited at the lower dose exposure. After 
exposure to KT, WC and SBR sediments, muscle CK was lower than 100|xmol / min / 
mg protein immediately after exposure. Muscle CK after exposure to sediments 
from KLC (Figure 5.10), LFS and TBT (Figure 5.11) were similar to gill CK after 
exposure to higher doses and longer duration. Inhibition of muscle CK was 
observed after exposure to WKS sediments (Figure 5.12), but inhibition was not as 
great as that in VH and DB sediments exposure. Muscle CK after exposure to LCW 
sediments (Figure 5.12) remained constant throughout the whole experiment. 
5.3.5 Dose, duration and source of sediments affecting metals uptake 
Enzyme concentration changes were affected by all three factors: sediments 
concentrations, exposure duration and sources of sediments except sediments 
concentration did not affect CK inhibition in gills (Table 5.1). 
Results from 9 days of 1 % sediments exposure were used for sites comparison. 
After exposure to WC and KT sediments, highest level of ALT level in liver and CK 
level in gills were induced/inhibited in male Tilapia. After exposure to SBR 
sediments, lowest CK level in muscle was inhibited in male Tilapia. Moreover, no 
significant induction/inhibition in ALT (liver) and CK (gills and muscle) after 
exposure to LCW sediments, which was similar to metals uptake in LCW exposure. 
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Figure 5.10 CK activities ( |LT mol ofNDAH formed/ min/ mg protein) in muscle after exposure to different concentrations of sediments from Victoria Harbour. Significant differences compared with control fish of the same exposure period are indicated: *p<0.05, **P<0.01; ***P<0.001 (n=3-5) comparing by Holm-Sidak 
multiple comparison test. 
165 
D) 400-. 
� E ^ ^ Day 3 
节 1 T H 1 Day 6 | E e 3 0 0 - IL ll — D a y 9 
孚 o 承 沴 承 o 承 承 系 o 系 承 承 T- LO o -T T- LO o T- LO o G O CD ^ § O O ^ CD CD r^ S o CO o Q： O h CD LL CD CD -I CO I-
Sites 




E ^ ^ Day 3 
•g c I 1 I 1 T I I Day 6 
i i f 3oo i i iM I i i i i i I “°ay9 
^ O ^ ^ ^ o ^ ^ ^ O ^ ^ ^ ^ t- in o • b r i o o in o 
J> § d d ^ gcicJ 一 % CD CD ^ 
00 u- 义 
Sites 
Figure 5.12 CK activities (\i mol ofNDAH formed/ min/ mg protein) in muscle after exposure to different concentrations of sediments from Tolo Harbour and Lai Chi Wo. Significant differences compared with control fish of the same exposure period are indicated: *p<0.05, **P<0.01; ***P<0.001 (n=3-5) comparing by Holm-Sidak 
multiple comparison test. 
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Table 5.1 Results of three ways ANOVA test on the effect of sediments 
concentration (%), duration of exposure and source of sediments on change in 
concentration of ALT (liver), AST (liver) and CK (gills and muscle) of Tilapia. 
Enzyme Source of Variation DF P 
ALT sediments % 2 <0.001 
exposure duration 2 <0.001 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.422 
sediments % x sediments source 18 0.007 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 <0.001 
AST sediments % 2 <0.001 
exposure duration 2 <0.001 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.004 
sediments % x sediments source 18 <0.001 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 <0.001 
CK in sediments % 2 0.061 
gills 
exposure duration 2 <0.001 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.209 
sediments % x sediments source 18 0.031 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 0.01 
CKin sediments % 2 <0.001 
muscle 
exposure duration 2 <0.001 
sediments source 9 <0.001 
sediments % x exposure duration 4 0.501 
sediments % x sediments source 18 <0.001 
exposure duration x sediments source 18 <0.001 
sediments % x exposure duration x sediments source 36 <0.001 
Data that do not meet the requirements for normality and homoscedasticity were 
subject to natural logarithmic transformation. 
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5.3.6 Results summary 
ALT had dose and time relationships under all condition, and can serve as good 
biomarkers of exposure to contaminated sediments. CK levels in gills and muscle 
were inhibited immediately after exposure to sediments from contaminated sites, 
making it a sensitive enzyme biomarker to contaminated sediments. WC and KT 
sediment exposure induced the highest ALT level in liver and had the lowest CK 
levels in gills, while SBR sediments exposure inhibited the lowest CK levels in 
muscle. Enzyme level changes were not significant after exposure to LCW 
sediments except AST in liver. 
5.4 Discussion 
Induction of ALT and AST are significantly correlated with Cd and Zn in liver 
respectively, but no significant correlation was found in other metals. For CK in 
gills and muscle, high correlation was found with Cd, Cu and Pb in the two organs, 
but no significant correlation was found in Zn uptake (Table 5.2). 
The low correlation in ALT and AST in metals uptake may due to the interaction 
of metals and the presence of other contaminants to inhibit enzyme induction. ALT 
and AST responses were not specific to contaminants class (Smet and Blust, 1999), 
and they are also sensitive to handling or confinement stress (Morales et al., 1990), 
increases in water salinity (Jurss, 1979; Vijayan et al,, 1996) and food deprivation 
(Vijayan et al, 1996). In laboratory studies, exposure to waterborne metal or 
metal-spiked sediments, ALT and AST induction were found to be related to metal 
exposure, (Smet and Blust, 2001; Sastry et al, 1997). However, in field studies, due 
to the existence of mixture of contaminants, strong correlation with metals were not 
established, though induction was often found in contaminated sites (Maclnnes et al., 
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Table 5.2 Correlation of ALT (liver), AST (liver) and CK (gills and muscle) to 
metals uptake in the corresponding organs in Tilapia. (Significant correlations are 
indicated: *p<0.05; **P<0.01; ***P<0.001 (n=3-5) comparing by Pearson test) 
Enzyme P value Cd Cu Pb Zn 
ALT in liver P value 0.0014 0.1997 0.0755 0.9674 
P value summary ** ns ns ns 
AST in liver P value 0.3661 0.5159 0.1628 0.0004 
P value summary ns ns ns *** 
CK in gills P value P<0.0001 0.0003 P<0.0001 0.4025 
P value summary *** *** *** ns 
CK muscle P value 0.0039 0.0006 P<0.0001 0.0648 
P value summary 氺  氺氺 氺氺 ns 
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1977; Smet and Blust, 2001). Seasonal changes also contributed to fluctuation in the 
enzymes level (Levesque et al., 2001). Other studies further confirmed the non 
specificity of the enzymes to contaminants such as pesticides and trace organics 
(Feeley, 1995; H o f f ^ al., 2003; Natarajan, 1985; Philip and Rajasree, 1996; Pacheco 
and Santos, 2002; Reddy et al” 1991; Seacat et al., 2003). 
ALT and AST were induced after exposure to sediments from Hong Kong. 
Smet and Blust (2001) indicated that ALT and AST (day 4 of 20(iM Cd) in liver 
responded before mortality occurred, when exposed carp to Cd (20JJM Cd, 7 days). 
Thus, the enzymes could serve as early warning signals. The observed increases in 
the activities of ALT and AST suggested that proteolysis was needed to enhance 
energy production during Cd stress (Smet and Blust, 2001). However, decreases in 
AST to baseline levels were found in higher and longer duration of sediment exposure. 
This might be due to the toxic effects of contaminants to the liver in Tilapia. Similar 
results of hepatic AST in liver decline with higher dose of metal exposure were 
previously observed (Maclnnes et al., 1977; Smet and Blust, 2001). This indicated 
ALT and AST were induced for energy consumption at first to cope with stress. 
However, above a threshold level, enzymes activity could be inhibited by 
contaminants. Maclnnes et al (1977) pointed out that this may be due to the effects 
of cadmium, on the biosynthesis of pyridoxal phosphate, which is an essential 
requirement for normal functioning of ALT/AST. It is also possible that tissue 
damage can lead to leakage of the enzyme to plasma (Oluah, 1999). Further 
information of ALT and AST plasma levels are needed to confirm this hypothesis. 
The decrease may also be related to starvation. Vijayan (1996) reported that ALT 
decreased with food deprivation. Varanka (2001) reported that ALT was elevated 
after 24 hours of copper and tannic acid exposure but decrease at extended (48 hours) 
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exposed to the copper and tannic acid. 
There was a decrease in CK activities of in muscles of Tilapia with sub-lethal 
cadmium exposure, which was similar to heavy dose of sediments exposure results 
Almeida et al” 2001). Alternations were not observed in AST and ALT activities in 
liver, and no ALT changes were observed in white and red muscles following 
Cd-exposure (Table 5.3) (Almeida et al, 2001). Decreasing or maintaining CK 
activities in white muscle and liver were considered enhancement of carbohydrate 
metabolism to preserve energy (Almeida et al, 2001). Fish responded to long-term 
fasting periods by decreasing metabolic rates until food availability increased 
(Martinez et al., 1999). Thus, it may lead to decrease in enzymes activities (Foster 
and Moon, 1991). 
In summary, since these enzymes responded to different contaminants as well as 
stress, it can be used as biomarkers for general liver health (ALT and AST) and 
general gill and muscle health (CK) in toxicity assessment. Induction of ALT and AST 
in liver and inhibition in CK can be as biomarkers of effects following exposure to 
contaminated sediments. Enzymes in plasma should also be analyzed for further 
































































































































































































































































DNA Damage in Liver of Male Tilapia After Exposure to Coastal Sediments 
Collected from Victoria Harbour, Deep Bay, Tolo Harbour and Lai Chi 
6.1 Introduction 
Genotoxic contaminants present in sediments, include metals, such as Cd and 
trace organics, such as naphthalene and b-naphthoflavone (Gagne et al” 1996; 
Frenzilli et al., 2004; Teles et aL, 2003. The consequences of genotoxin uptake 
could lead to gene mutation, carcinogenesis, loss of gametes, decreases in 
reproductive success, abnormal development, and changes in genetic diversity 
(Diekmann et al., 2004, Wurgler and Kramers, 1992; Anderson and Wild, 1994). 
The Ames test and the UMU tests can be used for analysis of genotoxic effects in 
extracts of sediments. However, eukaryotic indicator tests provide a more 
comprehensive evaluation of genotoxic hazard in aquatic systems (Nehls and Segner, 
2001). The comet assay is a relatively simple and sensitive measurement of DNA 
damage in eukaryotic cells caused by genotoxic contaminants (Fatur et al., 2002; 
Nehls and Segner, 2001). 
The Comet assay (or single cell gel electrophoresis) detects DNA damage caused 
by single and double strand breaks, alikali-labile sites or/and incomplete excision 
repair events in single cells caused by alkylating agents, intercalating agents, and 
oxidative damage through visualization of fluorescent dyes in DNA (Fatur et al., 2002; 
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Nehls and Segner, 2001). 
In vitro studies using different fish cell lines confirmed the application to 
screening of genotoxic chemicals in different species (Avishai et al., 2004; Faverney 
et al., 2001; Kammann et al, 2000; Nehls and Segner, 2001). Moreover, the comet 
assay was also applied in vivo, following exposure to sediment extracts or wastewater 
(Kammann et al, 2004) and in field studies (Flammarion et al., 2002; Russo et al., 
2004). The comet assay was also used in clinical applications (Cotelle and Ferard, 
1999). Dose and time dependent relationship in DNA damage were established in 
single genotoxic exposures (de Andrade et al., 2004), which make it a useful tool to 
screen the genotoxic potential of various environmental samples (Cotelle and Ferard, 
1999). 
Liver was used instead of plasma to analyze DNA damage since it is an organ 
important in detoxification and has a higher sensitivity to genotoxicity. In this 
chapter, the comet assay was used to detect DNA damage in the liver of male Tilapia 
exposed to contaminated sediments, and to assess the genotoxicity of the sediments 
used in the exposure tests. 
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6.2 Materials and Methods 
6.2.1 Samples collection 
Details of exposure experiments and samples collection were described in 
Chapter 3.2. Eighteen male Tilapia hybrid were randomly chosen and put into the 
same tank for exposure. No food was added and within exposure period, mortality 
and temperature was record everyday. And after 3 days, 6 days and 9 days of 
exposure, 5 male Tilapias were taken and dissected for later analyses of metal 
contents and biomarker studies. Liver tissues samples obtained by dissection after 
exposure were stored at -80°C before analysis. 
6.2.2 Tissue Preparation 
Approximately 0.05 - 0.1 g liver samples were used. The sample was 
homogenized in 1.5 mL ice cold IX PBS (Ca 2 +, Mg 2 + free) with 20mM freshly added 
EDTA (Trevigen, 4250-050-K). After standing at room temperature for 5 minutes, 
the sample was centrifuged at 3000 rpm for 3 minutes. Supernatant was then 
removed and the pellet was resuspended in 200j^L PBS. 
6.2.3 Single Cell Gel Electrophoresis (Comet) Assay 
The comet assay was carried out according to the menu provided by Trevigen 
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(4250-050-K). LMAgarose (Trevigen) was boiled in water for 5 minutes and cooled 
in a 42 C water bath for 10 minutes. 50 [iL of the resuspended pellet prepared in 
6.2.1 was added 500JJL molten LMAgarose and mixed. 75 uL mixed sample 
(agarose/cells) was immediately pipetted onto an CometSlide and use pipette tip to 
spread agarose/cells mixture over sample area. Slide was then put in dark in 4°C for 
30 minutes until a 0.5 mm clear ring appeared at the edge of CometSlide area. 
Afterwards, slide was immersed in cold lysis solution (Trevigen) and put in dark in 
4°C for 45 minutes. The slide was then immersed in freshly prepared Alkali 
Solution (pH>13) for 60 minutes at room temperature in dark. After the slide was 
washed with IX TBE twice, the slide was put into a horizontal electrophoresis 
apparatus and pour TBE buffer and run at a power supply to 1 volt per cm for 15 
minutes. The slide was then put into ethanol and allowed to dry for 10 - 15 minutes. 
Diluted SYBR Green (Trevigen) was pipetted with 75 uL onto each circle of dried 
agarose and stained for 15 minutes. Slides were viewed by on Olympus 1X51 
camera equipped with epifluorescence (SYBR Green's respective maximum 
excitation and emission are 494 nm and 521 nm). 
6.2.4 Image analysis 
Images captured by Diagnostic 4.2 were analyzed by Image-pro Plus 
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(MediaCybernetics). Length to width ratio (Aspect) of each cell was measured and 
classified according to Wollowski et al (1999) with modification. Ll (length/width 
ratio: 1.00-1.10) was classified as no damage; L2 (length/width ratio: 1.10-1.50) was 
classified as slight damage; L3 (length/width ratio: 1.50-2.00) was classified as 
moderately damage; L4 (length/width ratio: 2.00-3.00) was classified as heavily 
damage; L5 (length/width ratio over 3.00) was classified as totally damaged of cells 
(Figure 6.1). Total percentage of cells with DNA damage was also calculated with 
addition from L2 to L5. At least 50 cells were count (n =3), the percentage of cells 
in different degree of damage was calculated. 
6.2.5 Statistical analysis 
All data were presented as mean 士standard deviation. Variation in comet results 
between exposed samples and control were test by Student's t-test. The level of 
significance was set at p value <0.05. All data analysis was performed using PRISM 
software on a personal computer. 
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• 
(a) Ll: length: width ratio = 1.05 
n 
(b) L2: length: width ratio =1.47 
‘ 翻 
P mm 
h m h I 
(c) L3: length: width ratio = 1.77 
•i" ' ' , 
(d) L4: length: width ratio = 2.66 
(e) L5: length: width ratio = 3.43 
Figure 6.1 Examples of comet cells in different degrees of damage from Ll to L5, 
the length /width ratio of each cells were indicated. Comet assay captured by 
epifluorescence microscopy (SYBR Green's maximum excitation and emission are 
494nm/521nm). After analysis by Image-pro Plus (MediaCybernetics), length/width 
ratio of comet cells was measured and classified into different level. 
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6.3 Results 
There were no cells with an L5 level of damage found in control animals after 6 
and 9 days of exposure. Significant damage was found in all of the animal from the 
6 and 9 days exposure to sediments study except LCW (Fig. 6.2 -6.4). 
Total number of cells with DNA damage was calculated (summation from L2 to 
L5) (Fig 6.5 - 6.7). Significant damage was found in most tissue samples after day 9 
of exposure to in contaminated sediments, including WKS, indicating genotoxicity. 
LCW was the least genotoxic site with no significant DNA damage observed. 
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Figure 6.2 Nuclei with the highest level of DNA damage (L5) (% 士 S. D.) in liver of male Tilapia after exposure to Victoria Harbour sediments (n=3). DNA damage with significant different from the control group were shown by asterisk *: P < 0.05, **: p <0.01, ***: p <0.001. Day 6 and day 9 results cannot compared with control due to 
zero cells with damage was found. 
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Figure 6.3 Nuclei with the highest level of DNA damage (L5) (% 士 S. D.) in liver of male Tilapia after exposure to Deep Bay sediments (n=3). DNA damage with significant different from the control group were shown by asterisk *: P < 0.05, **: p <0.01, ***: p <0.001. Day 6 and day 9 results cannot compared with control due to 
zero cells with damage was found. 
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Figure 6.4 Nuclei with the highest level of DNA damage (L5) (% 士 S. D.) in liver of male Tilapia after exposure to Tolo Harbour and Lai Chi Wo sediments (n=3). DNA damage with significant different from the control group were shown by asterisk *: P < 0.05, **: p <0.01, ***: p <0.001. Day 6 and day 9 results cannot compared with control due to zero cells with damage was found. 
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6.4 Discussion 
The highest level of DNA damage (L5) was more sensitive to assess sediment 
toxicity than total DNA damage (summation of L2 to L5). It is because blank 
controls had nearly 70 % of nuclei with DNA damage. This might be due to the 
freeze-and-thaw process of liver tissues rise DNA damage. 
Chemical contaminants such as PAH (Akcha et al,, 2003; Frenzilli et al., 2004), 
and some metals such as copper (Gabbianelli et al, 2003) have genotoxic effects. 
Chemical analysis of all contaminants to identify the cause for genotoxicity in 
sediments was difficult, complicated and time consuming. Comet assay could be a 
useful tool to sort out possible interactive mutagenic effects from multiple 
contaminants at single cell level (Russo et al, 2004) to give an early warning system, 
and for identifying and monitoring the effects of contaminants on aquatic biota 
(Sumathi et al, 2001). Contaminated sediments damaged more cells in the liver of 
male Tilapia with respect to control and LCW. These results were similar to earlier 
studies using other species in field study (Andrade et al., 2004). High correlations 
between DNA damage and dosage of effluent (Sumathi et al” 2001) were observed in 
liver and blood cells, indicating a dose response of comet assay for assessing 
genotoxicity. Other studies also showed dose and time dependent relationships 
following single contaminant exposure (de Andrade et al., 2004). 
DNA damage was rapid following exposure in fish (Jarvis and Knowles, 2003). 
After exposure to LFS and FT sediments for 3 days, the total number of damaged 
hepatic cells increased significantly when compared to control. After exposure to VH, 
SBR and TBT sediments, DNA responded slower and reached a maximum after day 6 
and day 9 exposures. Previous studies have shown that DNA damage decreased after 
longer time exposures possibly due to DNA since repair mechanisms (Sumathi et al., 
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2001) (Faverney et al ,2001). After exposure to FT sediments, the number of hepatic 
cell with DNA damage simultaneously decreased at day 6 and day 9 of the 0.1% and 
0.5% sediment dilution. In vitro studies evaluating with dose response relationships 
between DNA damage and induction of MT following Cd exposure indicated potential 
protection of the DNA from metal-induced damage at prolonged exposure (Fatur et al., 
2002). 
An advantage of the comet assay is that it can be used in field studies or 
laboratory tests, and it can applied to erythrocytes of other fish species, like catfish, 
carp, dab and zebrafish (Akcha et al., 2004; Andrade et al., 2004; de Andrade et al., 
2004). However, very few studies have been carried out on liver in using 
biomarkers of exposure to genotoxic chemicals. Wineter et al (2004) found that 
caged chub had moderate genotoxicity in liver with decreased chemical water quality. 
The wide range of application in different species is due to its use of any 
nucleated cell. Thus, the assay requires extremely small samples of cells (Sumathi et 
al., 2001). Size and number of chromosomes are not important and measurement of 
mitotic activity is not required (Sumathi et al, 2001). In fish, the metabolic rate and 
metabolic index fluctuate considerably with temperature and thus mitotically active 
tissue is difficult to isolate. Thus, the comet assay allows the possibility to detect 
DNA damage in different tissues of fish (Sumathi et al., 2001). 
The comet assay has also been commonly used to detect DNA strand breaks. It 
has been successfully applied in field study, like oil spills (Frenzilli et al., 2004), and 
caged animals (Winter et al, 2004; Rajaguru et al., 2003). Besides fish, it can be 
applied in human blood cells (Farmer et al, 2003)，amphibians (Ralph and Petras， 
1996), plants, worms, and mammalians (Cotelle and Ferard, 1999). Another 
advantage is DNA damage responding to a broad range of dose of genotoxic chemicals 
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(Pandrangi et al, 1995). Compared to other common techniques, like the 
micronucleus test, the comet assay is more sensitive for detecting genotoxicity 
(Andrade et al, 2004; Jarvis and Knowles, 2003; Pandrangi et al, 1995). Finally, 
comet assay is a relatively simple and sensitive measurement of DNA damage (Jarvis 
and Knowles, 2003; Pandrangi et al., 1995) and the simplicity and low cost make it 
useful for large scale studies (Sumathi et al., 2001). 
Before application in field studies, a few considerations are needed to be 
addressed. First, seasonal variation was found in fish species (Akcha et al., 2004; 
Andrede et al., 2004; Avishai et al” 2004). Sex and age variation in responses to 
contaminants, has been observed (Akcha et al., 2003; Akcha et al., 2004). A large 
variability in the baseline levels of single strand breaks in cells is possible (Wilson et 
al., 1998), which might be affected by temperature (de Andrade et al., 2004). The 
arbitrary unit is another concern. Different arbitrary units are used in the analysis of 
comet results, including nucleus area, tail length, (extended) tail moment, damage 
score, length/width ratio etc. (Lee and Steinert, 2003). A more commonly accepted 
arbitrary unit should be used for comparison. 
In summary, comet assays can be used for assessment of genotoxicity in 
sediments, and the exposure results showed that contaminated sites had genotoxic 




General Discussion and Conclusion 
7.1 General discussion 
The objective of this study was to analyze sediment toxicity using a single fish 
species, male Tilapia. Heavy metal contents in different organs and different 
biomarkers were analyzed in order to evaluate biomarkers in reflecting contamination 
levels affecting biological system. 
In the present study, MT was the biomarker for metals exposure; CYP1A was a 
biomarker for PAHs and PCBs exposure and Vtg was a biomarkers for environmental 
estrogen exposure. The enzyme biomarkers, ALT and AST, were used to indicate 
liver damage following with the exposure. Alternation in CK indicated gills and 
muscle damage. Finally, DNA damage was analyzed by the comet assay and 
indicates the presence of genotoxicity in sediments. Through the assessment of 
different biomarkers, the toxicity of Hong Kong coastal sediments quality can be 
classified the sediments according to different levels of contamination. 
For total metal content analysis (Table 7.1), VH and DB sediments contained 































































































































































































































































































Speciation did not follow the same trends as the total metlacontent (Table 7.1),. 
Although speciation results indicated the availability of metals in sediments, the toxic 
effects of metals on the fish are still unknown. Analysis of metal uptake also did not 
indicate differences in contamination in sediments clearly (Table 7.2). For example, 
KLC sediments were contaminated with high levels of metals, but metals uptake into 
tissues after exposure to KLC sediments was lower than that in VH and DB sediments. 
Also, fluctuations in results were found. For examples, high levels of Cd uptake in 
gills were found after WKS sediments exposure, but Cd uptake stayed in low levels in 
liver and muscle. Moreover, in toxicity assessment, the analysis of as many as 
contaminants in sediments is complicated and the interaction between contaminations 
is difficult to evaluate. There is no one predominant cause of toxicity; metals and 
organics pay approximately equal roles in causing toxicity. Within a single sediment 
there are multiple causes of toxicity detected; not just one chemical class in active (Ho 
































































































































































































































































































































































































A multi-biomarkers approach can be more useful in assessing toxicity of 
contaminants in field study and give early warning system of aquatic pollution 
(Faverney et al., 2001; Flammarion et al, 2002). Biomarkers (MT, CYP1A, ALT, 
and CK) were induced/inhibited at greater extend after exposure to VH and FT 
sediments than in DB sediments (Table 7.3). LCW were believed to have little 
effects on biomarkers induction/inhibition in male Tilapia. For WKS, the toxicity 
was between DB and LCW. The responses found in LCW and WKS however might 
be due to high concentration of copper and zinc. Using the multiple biomarkers can 
provide biological responses at sublethal concentrations and potentially give early 
warning responses. 
Liver was the major site of Cu, Pb and Zn accumulation, while gills accumulated 
Cd and Pb. Biomarker responses of MT and CYP1A were more significant in liver, 
although at higher dose, responses in gills were also significant. For muscle, 
although metal uptake was not time and dose dependent, CK inhibition was 
significant. 
Some biomarkers responses (CYP1A, Vtg and DNA damage) as well as metals 
uptake fall back from peak induction of 6 days of exposure to a lower level at 9 days 
of exposure. Similar results were found in other studies, mainly in vitro studies 
(Bruscweiler et al., 1996; Marin and Matozzo, 2004). This may be due to fish 














































































































































































































































































































































































































Base upon the biomarker responses, sediments were classified into five categories: 
non toxic (A), low toxicity (B), moderate toxic (C), toxic (D) and highly toxic (E) 
(Table 7.4). This suggestion was based on the results in comparisons of biomarker 
after 9 days of exposure to 1% sediments. 
Tilapia exposed to KT sediments expressed six out of eight biomarker responses 
indicating these sediments were highly (classified at level E toxicity). Tilapia 
exposed to KLC, WC and FT sediments had at least six biomarkers expressed and 
were classified at level D toxicity. LFS and SBR had at least six biomarkers 
expressed and were indicating moderate, toxic or highly toxic levels and were 
classified as level C toxicity. For TBT and WKS, they were classified at low toxicity 
sediments (level B). And LCW was classified as non toxic sediment (level A). 
AST suggestion level cannot be drawn due to high level of induction in most of 
the experiments including LCW. For Vtg, large fluctuation in results also made us 
impossible to suggest toxicity level. But we believed under contamination exposure, 
AST level would be induced to 1 jimol ofNDAH formed / min / mg protein and Vtg 
would be induced to 5 mg/mL. 
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Table 7.4 Classification of levels of toxic effects of sediments collected in Hong 
Kong assessed by using fold induction of levels of biomarkers in male Tilapia tissues 
responses. 
Biomarkers A B C D E 
MT in gills ~ 3 - 1 0 1 0 - 2 0 2 0 - 4 0 >40 
(folds) 
MT in liver <3 3 -20 2 0 - 8 0 8 0 - 100 > 100 
(folds) 
CYPlAin gills <3 3 - 2 5 2 5 - 5 0 5 0 - 100 > 100 
(folds) 
CYPlAin liver <3 3 - 10 1 0 - 5 0 5 0 - 7 0 >70 
(folds) 
ALT <0.2 0 .2-0.4 0.4-0.5 0.5-0.75 >0.75 
Oimol ofNDAH/ 
min / mg protein) 
CK in gills >21 13-21 10 -13 6 - 1 0 <6 
(Hmol ofNDAH/ 
min / mg protein) 
CK in muscle >250 150-250 100- 150 60— 100 <60 
Oimol ofNDAH/ 
min / mg protein) 
L5 damage < 2 2-5 5 -10 1 0 - 15 >15 
(%) 
Classified sties LCW TBT, LFS, SBR KLC, WC, KT 
WKS FT 
A = non toxic 
B = low toxicity 
C = moderate toxic 
D = toxic 
E = highly toxic 
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7.2 Conclusion 
1. Sediments collected from VH, DB and FT were contaminated with heavy metals 
exceed acute toxicity (Cu and Zn) and chronic toxicity (Cd and Pb) guideline. 
WKS and LCW, Cu and Zn also exceed chronic toxicity threshold to aquatic 
organisms according to the criteria proposed by the Florida Environmental 
Protection Department, USA. 
2. Metals uptake in organs of male Tilapia was affected by sediments concentration, 
duration of exposure and sources of sediments. 
3. Liver was the major site of metal accumulation. Liver showed an earlier signal 
than gills. While in contaminated sites, both organs showed similar patterns of 
induction. 
4. Clear dose and time dependent relationships in MT, CYP1 A, ALT and CK 
induction/inhibition and DNA damage make them good biomarkers of exposure to 
contaminated sediments. 
5. Vtg, dose and time responses were not clear. In short term exposures, VH 
induced higher levels of Vtg than DB, while in long term exposures, DB induced 
more than VH. AST was induced at low doses of exposure. 
6. Male Tilapia can be used for monitoring and assessing sediment quality. 
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Table A2 Chapter 3.3 Concentrations of cadmium accumulation in gills of Tilapia after exposure to different sediment. Control was no sediment exposure. 
Day 3 Day 6 I Day 9 
Control 0.198 士 0.060 0.183 士 0.038 0.217 士 0.077 
KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.047 士 0.018 x 0.032 士 0.020 x 0.377 士 0.235 x a，a, b 
0.50% 0.096 ±0.143 x 0.294 士 0.414 x 0.320 士 0.225 x a, a, a 
1.00% 1.181 士 0.187 y 0.077 士 0.055 x 0.134 士 0.039 x b, a, a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.959 士 1.052 x 3.788 士 0.820 x 3.053 士 0.438 x a, a, a 
0.50% 3.443 ± 1.224 x 3.492 士 2.299 x 4.120 士 1.191 x a, a, a 
1.00% 3.695 ±1.024 x 6.250 ±1.223 y 7.144 士 2.561 y a, b，b 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 3.932 士 0.792 x 7.192 士 1.399 y 3.427 ±1.108 y a, b, a 
0.50% 4.338 士 1.631 x 6.429 士 1.238 y 3.703 士 0.866 y a，b,a 
j 1.00% 6.362 士 1.75 y 2.603 士 0.319 x 0.390 士 0.298 x c，b,a 
" " L F S Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.629 士 0.082 y 0.366 士 0.189 x 0.258 士 0.057 x b, a, a 
0.50% 0.24 士 0.002 x 0.417 士 0.231 x 0.294 ±0.021 x a, b，ab 
1.00% 0.381 士 0.019 x 0.372 士 0.019 x 0.352 ±0.017 x a, a, a 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I 0.10% 0.533 ±0.195 y 0.323 士 0.072 x 0.435 士 0.040 y b, a，ab 
0.50% 0.279 ±0.052 x 0.256 士 0.044 x 0.286 士 0.069 x a, a, a 
1.00% 0.420 ±0.049 y 0.554 士 0.078 y 0.339 士 0.021 xy a，b, a 
T^T Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
！ 0.10% 0.465 ±0.122 x 0.506 士 0.119 x 0.375 ± 0.065 x a, a, a 
, 0.50% 0.457 ±0.109 x 0.530 ±0.147 x 0.552 士 0.270 x a, a, a 
I 1 . 0 0 % 0 . 7 1 6 士 0 . 1 1 2 y 0 . 5 7 7 士 0 . 0 8 0 x 0.549 士 0 . 1 4 1 x a，a, a 
^ T Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.412 士 0.270 x 0.539 士 0.206 x 0.854 ±0.452 x a, a, a 
0.50% 0.836 ±0.109 xy 1.616 ±0.196 y 2.738 士 0.719 y a，b, c 
l .OQQ/o 1.194 士 0.054 y 1.412 ±0.413 y 2.186 士 0.522 y a, a, b 
~~WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I 0.10% 0.493 ±0.116 x 1.359 ±0.331 y 0.184 士 0.077 x a, b，a 
I 0.50% 1.239 ±0.200 y 0.984 士 0.344 y 0.559 士 0.215 y b, b, a 
I l .QQo/o 0.964 士 0.130 y 1.041 ±0.089 xy 0.799 士 0.157 y a, a, a 
L^W Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.250 ±0.023 xy 0.270 士 0.028 xy 0.234 士 0.034 x a, a, a 
j 0.50% 0.194 士 0.055 x 0.230 ±0.017 x 0.205 ±0.109 x a, a, a 
I I l .OQQ/o 0 . 2 8 8 ± 0 . 0 2 4 y 0 . 3 2 9 士 0 . 0 1 9 y | 0 . 1 7 3 士 0 . 0 0 9 | x a, a, b 
* Ranks were compared within the same duration of exposure. (P < 0.05); ** Ranks were compared 
within the same concentration of exposure. (P < 0.05) 
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Table A3 Chapter 3.3 Concentrations of cadmium accumulation in liver of Tilapia after exposure to different sediment. Control was no sediment exposure. Day 3 Day 6 Day 9 Control 0.813 士 0.40 0.799 ± 0.056 0.716 士 0.052 
\ KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.286 士 0.042 x 0.624 士 0.035 xy 0.744 士 0.020 xy a, a, a 
0.50% 1.344 ±0.414 y 0.304 士 0.048 x 0.468 士 0.074 x b, a, a 1.00% 0.746 士 0.031 xy 1.059 士 1.112 y 1.226 士 0.751 y a, a，a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.975 士 0.428 x 1.432 士 0.448 x 4.948 ± 1.360 x a, a, b 
0.50% 2.851 士 0.231 y 6.593 士 1.535 y 6.846 士 0.525 y a ,b ,b 1.00% 2.675 士 0.433 y 6.457 士 0.807 y 6.214 ±0.346 xy a，b，b 
"""WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.928 士 0.260 x 1.487 士 0.601 x 1.670 士 0.505 x a, a, a 0.50% 1.198 士 0.004 x 1.484 士 0.415 x 3.201 士 0.920 y a,a，b 1.00% 1.184 士 0.457 x 1.180 士 0.058 x 3.654 士 0.763 y a，a, b 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.598 士 0.026 x 1.168 ±0.433 x 1.115 士 0.416 xy a，a, a 0.50% 2.498 士 0.196 y 1.718 ±0.764 x 0.931 ±0.700 x a, a, a 
1.00% 1.305 士 0.749 x 1.747 士 1.746 x 2.693 士 2.078 y a, a, a 
~ S B R Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.429 士 0.210 x 0.621 ±0.137 x 1.200 ±0.725 x a, a, b 
0.50% 0.833 士 0.668 x 0.809 ±0.236 x 0.623 士 0.084 x a, a, a 1.QQQ/o 1.488 士 0.432 y 1.450 士 0.142 y 2.120 士 0.367 y ab, a, b TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.381 士 0.154 x 0.322 士 0.114 x 0.506 士 0.089 x a, a, a 0.50% 0.486 士 0.240 x 0.554 ±0.170 x 0.448 士 0.140 x a, a, a 1.00% 1.168 ±0.179 y 3.397 ±0.096 y 3.961 士 0.700 y a ,b ,c 
FT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.631 士 0.294 x 1.921 ±0.255 x 2.548 士 0.797 x a, a，a 0.50% 2.336 士 0.292 xy 2.971 ± 0.495 x 6.904 ± 1.669 y a, a, b 
1.00% 3.441 ±0.917 y 5.025 士 1.080 y 6.356 ±0.502 y a, b，c WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.005 士 0.781 x 1.365 ±0.325 y 0.722 ±0.010 x a, a, a 
0.50% 0.865 士 0.441 x 0.637 ±0.472 x 0.885 士 0.514 x a，a, a 1.00% 1.216 士 0.014 x 0.537 ±0.231 x 0.821 士 0.411 x b，a, ab ^ L C W Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.181 士 0.625 x 0.808 士 0.082 x 0.828 士 0.123 x a, a, a 0.50% 0.741 士 0.189 x 0.990 ±0.205 x 2.397 ±0.238 y a, a, b 
1.00% 0.890 士 0.491 x | 0.835 士 0.175 | x | 0.611 ± 0.117 | x a, a, a 
* Ranks were compared within the same duration of exposure. (P < 0.05) 
* * Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A4 Chapter 3.3 Concentrations of cadmium accumulation in muscle of Tilapia after exposure to different sediment. Control was no sediment exposure. 
Day 3 Day 6 Day 9 
I Control 0.0844 士 0.0151 0.0714 士 0.0311 0.0988 士 0.0350 
I KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0 . 1 0 % 0 . 0 1 1 士 0 . 0 0 7 X 0 . 0 8 6 士 0.082 x 0 . 1 0 5 士 0.090 x a,a，b 
0.50% 0.066 士 0.013 x 0.088 ±0.063 x 0.092 士 0.046 x a, a, a 
I 1.00% 0.310 士 0.044 y 0.034 士 0.006 x 0.050 士 0.025 x b，a, a 
? KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.357 士 0.113 x 0.636 士 0.106 x 0.321 士 0.181 x a, a, a 
0.50% 0.142 士 0.099 x 0.228 士 0.105 x 0.244 士 0.119 x a, a, a 
1 00% 0.528 士 0.426 x 3.101 士 3.208 y 3.562 士 0/793 y a,b，b 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.204 士 0.027 x 0.225 士 0.113 x 0.306 ±0.163 x a, a, a 
0.50% 0.310 士 0.149 x 0.406 士 0.073 x 0.428 ±0.172 x a, a, a 
1.00% 0.540 士 0.150 y 0.198 士 0.109 x 0.285 ±0.166 x b, a, a 
� ~ L F S Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.188 士 0.038 x 0.159 士 0.027 x 0.151 ±0.008 x a, a, a 
0.50% 0.220 士 0.048 xy 0.304 ±0.042 y 0.392 士 0.142 y a, ab, b 
I 1.00% 0.343 士 0.095 y 0.162 ±0.059 x 0.264 士 0.127 x b, a, ab 
I ~~SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.320 士 0.108 y 0.249 士 0.028 y 0.312 ±0.083 y a, a, a 
0.50% 0.033 士 0.020 x 0.033 士 0.020 x 0.637 士 0.009 z a, a, b 
1:00% 0.224 ±0.084 y 0.200 士 0.079 y 0.052 士 0.011 x b, b, a 
TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.150 士 0.096 xy 0.156 士 0.021 x 0.115 士 0.016 x a, a, a 
0.50% 0.088 ±0.054 x 0.175 ±0.083 x 0.261 士 0.117 y a, ab, b 
l .OQo/o 0.237 士 0.045 y 0.171 士 0.027 x 0.108 士 0.022 x b, ab, a 
" " " ^ T Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.213 士 0.097 x 0.247 ± 0.083 x 0.952 ±0.177 y a, a, b 
0.50% 0.704 士 0.075 y 1.134 ±0.083 z 0.389 ±0.137 x b, c, a 
I 1.00% 0.637 士 0.164 y 0.797 士 0.087 y 0.912 ±0.439 y a, a, a 
WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
； 0.10% 0.367 士 0.170 y 0.240 士 0.156 x 0.042 士 0.025 x b, b，a 
0.50% 0.153 士 0.053 x 0.113 ±0.050 x 0.120 ±0.053 x a, a, a 
I 1 l .OQQ/o 0.181 士 0.055 x 0.129 ±0.110 x 0.099 ± 0.057 x a, a，a 
LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I 0 . 1 0 % 0 . 1 1 0 士 0 . 0 5 9 X 0 . 0 8 3 ± 0 . 0 5 0 x 0 . 0 8 6 士 0 . 0 0 9 x a, a, a 
0.50% 0.065 ±0.010 x 0.112 ±0.036 x 0.098 ± 0.035 x a，a，a 
j i.qqo/o 0.092 士 0.038 x 0.077 士 0.011 x 0.091 士 0.014 x a, a，a * Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A5 Chapter 3.3 Concentrations of copper accumulation in gills of Tilapia after exposure to different sediment. Control was no sediment exposure. Day 3 Day 6 Day 9 f Control 2.123 士 0.515 1.313 ± 0.379 2.191 士 0.424 
I KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.870士 1.620 x 6.747±0.776 x 7.411 士4.319 x a, a, a 
0.50o/o 8.882 士 6.209 y 8.259 士 3.167 x 7.342 ±4.985 x a, a, a 
1.00% 6.079 士 1.966 xy 5.499 士 2.511 x 10.464 士 0.787 x a, a, a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 4.609 ±4.120 x 11.467 士 6.243 x 11.766 士 2.572 x a, b, b 
0.50% 10.230 士 0.447 y 7.246 士 3.907 x 8.471 士 0.550 x a, a, a 
1.00% 7.449 士 2.511 xy 9.512 士 1.337 x 11.053 士 0.475 x a, a, a 
WC ^ Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 5.206 士 1.868 x 6.004 士 2.976 x 8.362 士 3.185 x a, a, a 0.50% 6.536 士 1.451 x 8.223 士 0.499 x 10.321 士 1.134 x a, ab, b 1.00% 7.821 士 4.254 x 8.697 士 1.415 x 7.877 士 0.028 x a, a, a 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10o/o 3.634 士 1.194 x 2.379 士 1.139 x 2.543 士 1.054 x a, a, a 0.50% 3.084 ±0.277 x 2.710 士 0.159 x 4.288 士 1.546 x ab, a, b 
1.00% 2.840 士 1.920 x 2.024 士 0.483 x 4.244 士 0.884 x a, a, a 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 3.174 士 1.190 x 3.337 士 1.173 x 3.486 士 1.511 x a, a, a 0.50% 2.590 ± 1.088 x 3.018 ±0.846 x 2.439 士 0.210 x a, a，a 1.00% 1.558 士 0.859 x 3.495 士 0.438 x 3.842 士 0.017 x a, a, a 
TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.790 士 0.409 x 2.161 士 0.826 x 1.852 ±0.294 x a, a, a 
0.50% 3.881 士 2.455 x 6.244 ±2.791 y 5.404 ±2.142 y a, a, a 
1.00% 4.875 士 1.702 y 3.588 士 1.868 xy 1.423 ±0.179 x b, ab, a 
F T D a y 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 5.526 ± 1.095 x 8.312 ±0.350 x 8.160 ±0.839 x a, b，b 0.50% 6.424 ± 0.875 x 9.606 ±0.789 x 11.059 ±4.153 y a, b, b 
1.00% 10.003 士 1.450 y 13.327 士 0.991 y 7.891 士 1.732 x a, b, a WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.369 士 0.399 y 1.312 ±0.482 x 0.862 ±0.257 x b，b, a 0.50o/o 0.833 ±0.135 x 1.308 ±0.072 x 1.587 ±0.330 y a, b, b 
1.00% 2.319 士 0.224 z 2.253 士 0.046 y 1.633 士 0.242 y b, b, a LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.533 士 0.707 x 3.916 士 0.620 x 3.640 士 0.478 x a, a, a 0.50% 2.167 士 0.740 x 2.575 士 0.697 x 2.868 ± 0.826 x a, a, a 
j 1.00o/o 丨 3.500 士 1.096 x 3.053 士 0.537 x 3.104 ±0.066 x 丨 a, a, a * Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A6 Chapter 3.3 Concentrations of copper accumulation in liver of Tilapia after exposure to 
different sediment. Control was no sediment exposure. 
Day 3 Day 6 Day 9 
Control 192.763 ± 19.731 211.545 ± 17.039 180.607 士 2.121 
KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 211.519 士 194.762 x 299.603 士 45.120 x 223.492 士 31.807 x a, a, a 
0.50% 288.154 士 11.498 x 171.135 士 35.797 x 189.321 士 14.776 x a, a, a 
1.00% 206.931 士 17.077 x 237.329 士 151,611 x 336.083 士 10.311 y a，a, a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 175.042 士 23.482 x 213.302 士 77.043 x 253.717 士 27.948 x a,ab，b 
0.50% 231.763 士 32.552 xy 223.556 士 35.328 x 314.482 士 43.655 x a, a, b 1.00% 254.464 士 20.389 y 324.830 士 49.816 y 398.873 士 48.343 y a, b, c 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 253.433 士 29.318 x 291.174 士 47.011 x 317.325 士 18.911 xy a, a, a 
0.50% 381.004 士 84.230 y 352.357 士 48.010 x 394.468 士 27.847 y a, a, a 1.00% 570.196 士 15.239 z 569.917 士 13.646 y 256.804 士 32.427 x b, b, a 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 180.404 士 54.085 x 230.485 ± 17.685 x 248.625 士 71.050 x a, a, a 0.50% 296.684 士 2.891 y 253.293 士 16.869 x 325.481 士 96.479 xy a, a, a 1.00% 312.109 ± 17.124 y 249.406 士 49.671 x 366.831 士 152.179 y ab, a, b 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 196.525 ±61.136 x 222.422 士 83.273 x 313.669 ± 50.044 x a, a, a 
0.50% 286.389 士 30.773 x 240.484 士 76.446 x 284.467 士 147.873 xy a, a, a 1.00% 284.998 士 84.941 x 331.675 士 58.079 x 407.825 士 40.221 y a, a, a 
TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 189.920 ± 57.338 x 212.171 士 89.527 x 234.625 士 68.283 xy a, a, a 0.50% 184.941 ±61.133 x 223.630 士 62.821 x 150.842 ± 14.118 x a, a, a 
1.00% 194.817 士 72.237 x 298.722 士 12.890 x 294.279 士 40.615 y a, b, b FT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 134.533 士 15.547 x 226.315 士 64.666 x 339.026 ± 47.923 x a, b, c 
0.50% 242.586 ±33.111 y 316.452 ± 15.093 y 757.572 ± 23.825 z a, b, c 
1.00% 357.547 ±37.078 z 377.283 ± 16.925 z 697.028 ± 26.719 y a, a，b WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 174.124 士 34.857 x 172.984 士 13.530 x 191.585 ± 5.227 x a, a, a 
0.50% 203.458 ± 19.056 x 267.900 ± 26.282 y 225.379 ± 28.202 x a, a, a 
1.00% 206.072 ± 70.304 x 237.046 ± 74.545 xy 235.703 ± 56.679 x a? a, a 
LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 228.596 士 46.348 x 173.318 士 76.533 x 187.445 ± 49.490 x a, a, a 
0.50% 197.530 士 34.992 x 264.671 ± 45.971 x 177.864 ± 3.633 x a, a, a 
1.00% 237.975 ± 24.294 x 181.872 ± 7.535 x 216.907 士 60.734 x a, a ; a 
* Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A7 Chapter 3.3 Concentrations of copper accumulation in muscle of Tilapia after exposure to 
different sediment. Control was no sediment exposure. 
Day 3 Day 6 Day 9 
Control 3.054 ± 1.036 3.230 ± 1.242 3.361 士 0.679 
KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.841 士 1.147 x 2.956 士 0.172 x 4.670 士 2.158 xy a, a, a 
0.50% 5.518 ± 1.949 y 5.497 士 1.123 y 5.998 士 2.557 y a, a, a 
1.00% 3.665 士 0.172 xy 4.185 士 1.238 xy 2.392 士 0.085 x a，a, a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.735 士 0.241 x 3.921 ±0.807 x 3.777 士 1.512 x a，b,b 
0.50% 5.439 士 3.107 y 5.053 士 1.052 xy 5.496 士 1.076 x a, a, a 
1.00% 4.953 ±0.516 y 6.634 士 0.515 y 10.055 士 1.879 y a, a, b 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 8.540 ±4.223 x 25.425 士 6.487 y 18.618 士 2.309 y a，c，b 
0.50% 5.092 士 1.425 x 15.356 士 0.641 x 8.721 ±2.932 x a, b, a 
1.00% 14.458 士 3.017 y 14.849 士 0.023 x 9.287 士 0.645 x b, b, a 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 3.453 士 0.278 x 5.593 士 0.211 y 3.659 ±2.122 x a, b，a 
0.50% 4.665 士 0.806 x 3.608 ±0.709 x 4.072 士 0.936 x a, a, a 1.00% 3.094 士 0.816 x 5.298 士 1.101 y 5.295 士 1.266 x a ,b ,b 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.992 土 0.879 x 1.522 ±0.173 x 1.840 ±0.456 x a, a, a 
0.50% 1.958 士 0.830 x 3.578 士 2.009 y 2.707 士 1.061 x a，b,ab 1.00% 1.524 士 0.103 x 3.427 士 0.995 y 2.923 士 1.003 x a, b, ab 
TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.186 ±0.380 x 2.503 士 0.303 x 3.708 士 1.961 x a, a, a 0.50% 1.545 士 0.517 x 3.246 士 1.528 x 4.859 ±1.190 x a, ab, b 
1.00% 1.369 士 0.986 x 2.498 士 1.368 x 4.838 士 1.425 x a, a, b 
FT Day3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.751 ±0.564 x 3.548 士 0.799 x 4.194 士 1.835 x a, a, a 0.50% 5.081 士 1.774 y 5.205 ± 0.985 x 4.880 ±0.172 x a, a, a 
1.00% 7.768 ± 1.307 y 8.140 ± 1.229 y 5.484 ±2.582 x b, b? a 
WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 3.021 士 1.526 x 2.409 ±0.855 x 3.460 ±0.491 x a, a, a 
0.50% 3.468 士 0.679 x 2.950 士 0.909 x 3.603 士 0.544 x a，a, a 1.00% 4.424 ±0.796 x 5.473 ±2.176 y 4.980 ± 1.574 x a, a, a 
LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.260 士 1.090 x 2.108 士 0.993 x 2.793 士 0.404 x a, a, a 0.50% 2.362 士 0.408 x 2.504 ±0.361 x 2.332 ± 0.456 x a, a, a 
1.00% 2.738 士 0.820 x 2.266 士 0.473 x 2.589 ±0.055 x | a, a, a 
* Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
I 
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Table A8 Chapter 3.3 Concentrations of lead accumulation in gills of Tilapia after exposure to 
different sediment. Control was no sediment exposure. 
Day 3 Day 6 Day 9 
Control 1.439 ±0.212 1.572 士 0.309 1.905 士 0.133 
KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.300 士 1.085 x 1.338 士 0.149 x 2.595 士 1.281 x a, a, a 
0.50% 4.455 士 3.212 y 2.397 士 1.261 x 3.953 士 3.285 x a, a, a 
1.00% 1.314 士 0.092 x 1.581 士 0.761 x 4.741 士 0.013 x a, a, b 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.352 士 1.115 x 6.221 士 2.245 x 5.426 士 2.935 x a, a, a 
0.50% 8.649 士 4.308 xy 23.557 士 2.040 y 15.813 士 7.294 y a, b, a 1.00% 14.092 士 4.847 y 20.685 士 2.233 y 32.529 士 10.291 z a,a，b 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 4.357 ± 1.505 x 12.674 士 2.375 y 7.431 士 2.133 xy a, b, a 
0.50% 5.437 士 1.215 xy 5.710 ±4.283 x 4.241 ±2.347 x a, a, a 
1.00% 8.631 士 3.461 y 10.255 士 2.869 y 9.360 土 0.598 y a, a，a 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 10.975 士 0.848 y 9.195 士 5.965 y 5.127 士 1.883 x b, ab, a 
0.50% 3.207 士 0.336 x 5.163 ±2.890 xy 5.007 士 2.484 x a, a, a 
1.00% 5.361 士 2.583 x 3.036 ±0.869 x 3.490 士 1.139 x a, a, a 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 4.652 士 2.629 x 5.757 ±2.637 xy 5.461 士 2.973 xy a, a, a 0.50% 4.251 ±2.483 x 3.228 士 1.643 x 8.022 士 5.850 y ab, a, b 1.00% 5.914 士 0.454 x 9.288 士 1.962 y 2.062 士 0.120 x ab,b，a 
TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 4.098 士 1.266 x 1.972 士 2.289 x 2.015 士 0.482 x a, a, a 0.50% 2.465 士 0.608 x 5.181 ± 1.381 y 5.695 士 2.120 y a,b，b 1.00% 7.207 士 2.116 y 8.929 ± 1.343 z 3.358 士 2.156 xy b, b, a 
FT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 5.095 士 0.849 x 4.901 ± 0.552 x 10.751 ±2.094 x a, a, b 
0.50% 7.384 ± 1.559 x 11.174 士 2.161 y 21.109 士 8.847 y a，a, b 1.00% 8.611 士 1.764 x 10.738 士 1.392 y 13.447 ± 1.869 x a, a, a 
WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.903 ±0.760 x 6.812 ±2.110 y 0.652 士 0.053 x a，b, a 0.50% 2.929 ±0.710 x 2.428 ± 1.422 x 2.618 ±0.606 y a, a, a 
1.00% 3.262 ±0.172 x 1.839^0.867 x 2.317 ±0.281 y a, a, a 
LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.141 士 0.008 y 1.048 ±0.143 x 1.147 ±0.041 y a, a, a 
0.50% 0.739 士 0.078 x 0.970 士 0.256 x 0.974 士 0.246 xy a, a, a 1.00% 0.883 ±0.048 x 0.849 ±0.020 | x 0.833 ±0.013 x | a, a, a 
* Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A9 Chapter 3.3 Concentrations of lead accumulation in liver of Tilapia after exposure to different sediment. Control was no sediment exposure. Day 3 Day 6 Day 9 Control 5.633 士 1.631 5.084 ±0.994 5.379 士 0.464 I KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 3.866 土 2.754 x 2.801 士 1.080 x 6.505 士 3.426 x ab，a, b 
0.50% 8.442 士 4.369 y 2.066 士 0.635 x 7.301 士 1.967 x b, a, b I 1 00% 2.621 士 0.233 x 4.522 士 0.682 x 6.925 士 0.535 x a, ab, b 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
[！ 0.10% 5.431 士 0.829 x 5.618 士 0.050 x 8.758 士 0.426 x a, a, a 
: 0 . 5 0 % 7.312 士 0.161 x 18.769 士 1.119 xy 12.556 士 4.982 x a, a, a 1.00% 54.849 士 19.194 y 24.082 士 17.657 y 36.633 士 5.376 y b, a, a 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 6.542± 1.786 x 6.707 士 4.183 x 11.874±2.721 x a ,a ,b 
0.50% 9.338 士 1.466 x 7.471 士 1.775 x 10.994 士 1.220 x a, a, a I 1.00% 6.451 士 0.828 x 7.132 士 1.699 x 9.807 士 4.040 x a, a, a 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I 0.10% 15.347 士 6.848 y 15.596 士 9.972 y 15.172 士 3.178 x a, a, a 0.50% 5.038 士 0.754 x 13.837 士 3.365 y 9.865 士 4.375 x a,b，ab 1.00% 15.172 士 3.178 y 5.427 ±4.818 x 10.184 士 3.798 x b，a, ab 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
j 0.10% 4.227 士 0.774 x 7.616 士 2.463 x 7.648 士 1.771 x a, a, a 0.50% 9.704 士 3.333 y 6.393 士 0.991 x 6.637 士 3.943 x a, a, a 1.00% 5.171 士 1.579 x 12.726 士 1.048 y 8.055 士 2.269 x a, b, a TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I 0 . 1 0 % 4 . 8 6 5 士 1 . 3 1 4 x 7 . 4 6 5 ± 0 . 8 3 4 x 5 . 9 1 2 士 1 . 7 7 2 x a , a , a 0.50% 5.136 士 1.162 x 6.745 ± 2.666 x 7.713 士 0.346 x a, a, a l.OQo/o 5.501 士 4.419 x 7.713 士 0.346 x 8.823 ± 0.472 x a, ab, b 
Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I 0 . 1 0 % 3 . 3 1 4 士 0 . 6 0 1 x 8 . 4 4 1 士 1 . 3 4 8 x 9 . 4 9 4 士 5 . 6 6 7 x a , a , a 0.50% 10.272 士 1.628 y 11.103 士 2.306 x 20.911 ±8.084 y a, a, b 
I 1.00% 15.282 ±2.375 y 20.547 士 2.895 y 20.203 士 4.092 y a, a, a WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 6.389 士 5.861 x 4.792 ±2.964 x 6.134 ±2.651 x a, a, a 
0.50% 4.722 士 0.526 x 6.459 士 0.575 x 6.634 士 2.277 x a, a, a 1.QQQ/o 8.022 士 1.596 x 6.266 ±0.212 x 2.914 ±0.367 x b，ab, a LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I 0.10% 2.338 ±0.169 x 2.276 士 0.053 x 2.344 ±0.276 x a, a, a 
0.50% 2.827 士 0.668 x 2.110 士 0.677 x 2.164±0.641 x a, a, a 
j 1.00% I 2.387 士 0.273 x 2.292 士 0.338 x | 2.836 士 1.112 | x | a, a, a * Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A10 Chapter 3.3 Concentrations of lead accumulation in muscle of Tilapia after exposure to 
different sediment. Control was no sediment exposure. 
Day 3 Day 6 Day 9 
Control 1.074 ±0.154 0.991 ±0.150 1.575 ±0.173 
KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.120 士 0.845 x 1.839 士 1.436 x 2.466 ±0.421 x a, a, a 
0.50% 3.050 士 1.890 x 3.623 士 1.818 x 3.794 ± 1.955 x a, a, a 
1.00% 3.246 士 0.762 x 2.201 士 0.630 x 3.246 士 0.613 x a，a，a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.286 士 0.303 x 1.302 士 0.478 x 1.839 士 0.287 x a, a, a 
0.50% 2.137 士 0.721 x 5.247 士 0.183 y 5.559 士 1.571 x a, a, a 1.00% 10.873 士 1.227 y 22.273 士 4.673 z 19.457 士 5.113 y a,b，b 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.292 士 0.619 y 2.650 ±0.525 x 1.847 士 0.870 x a, a, a 
0.50% 0.752 士 0.200 x 1.289 士 0.185 x 2.321 士 1.691 x a, ab, b 1.00% 0.802 士 0.202 x 2.295 士 1.189 x 2.492 士 1.372 x a ,b ,b 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.964 士 0.604 x 2.213 士 1.919 x 3.372 ±0.379 x a, ab, b 
0.50% 1.545 士 0.204 x 2.592 士 1.313 x 3.377 士 1.571 x a, ab, b 1.00% 2.306 士 0.191 x 2.667 士 1.085 x 5.763 士 1.125 y a ,a ,b 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 10.379 士 1.807 y 9.680 士 1.716 y 11.145 士 2.950 y a, a，a 0.50% 2.299 士 1.514 x 1.701 士 0.448 x 7.959 ±2.534 x a ,a ,b 
1.00% 8.496±0.927 y 7.078士 1.498 y 13.553 士 1.957 y a ,a ,b TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.743 ±0.653 x 0.322 士 0.267 x 1.442 ±0.586 x ab, a，b 0.50% 0.877 ± 1.133 x 0.342 士 0.109 x 2.973 ± 0.650 y a, a，b 1.00% 0.318 士 0.103 x 1.218 ± 1.052 x 1.073 士 0.481 x a, a，a 
~ F T Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 2.764 士 1.573 x 6.258 士 1.167 x 5.290 士 2.295 x a，b，a 0.50% 6.413 ± 1.237 y 6.362 ± 1.153 x 7.753 ±1.851 xy a, a, a 
1.00% 6.697 士 0.804 y 6.749 ±0.740 x 10.409 ±2.982 y a, a, b 
WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 1.839 ±0.707 xy 2.102 ±0.432 x 0.648 士 0.108 x b, b, a 0.50% 2.315 士 1.026 y 1.393 士 0.224 x 1.402 士 0.128 x b, a, a 1.00% 1.174 士 0.071 x 1.474 士 0.446 x 0.650 士 0.164 x ab, b, a LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 0.768 士 0.193 x 0.806 ±0.081 x 0.882 ±0.147 x a, a, a 
0.50% 0.948 士 0.206 x 0.862 士 0.104 x 1.236 士 0.040 y a, a, b 1.00% 1.289 士 0.058 y 1.261 ±0.020 y 1.364 士 0.182 y | a, a，a * Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A11 Chapter 3.3 Concentrations of zinc accumulation in gills of Tilapia after exposure to 
different sediment. Control was no sediment exposure. r 
I I Day 3 I I Day 6 Day 9 
1 Control 1 143.687 ±24.224 154.994 士 7.226 163.739 ± 27.399 
KLC tekH R ^ " Day 9 Rank* Rank** 
0.10% 170.886 士 0.174 x 115.293 ± 50.476 x 126.877 士 19.550 x a, a, a 
0.50% 226.216 士 14.979 x 108.601 士 18.022 x 134.259 士 55.120 x b, a, a 
1 00% 182.229 士 4.240 | x | 123.184 ± 18.385 x 355.981 士 85.304 y a, a，b 
KT Rank* R^k*" Day9 Rank* Rank** 
010% 63.434±2.457 x 127.298± 11.429 x 111.458 ± 8.876 x a，b,ab 
0 5 0 % 187.511 士 55.159 y 264.439 士 3.408 y 1 9 8 . 6 5 3 ± 36.664 y a，b,a 
1 00% 138.705 士 16.852 1 y 1 225.400 土 4.743 y 363.589 ± 72 .992___z___a ? b ,c 
WC tekH Rank* Day9 Rank* Rank** 
0 10% 142.975 士 41.056 x 227.545 士 65.181 y 270.770 士 125.326 x a, ab, b 
0 50% 297.971 士 38.254 y 273.799 ± 65.194 y 293.911 士 85.405 x a, a, a 1 00% 297.561 士 66.647 y 121.368 士 12.610 x 210.892 ± 1 3 . 7 2 7 _ _ x _ b, a，ab LFS Rank* Rank* Day 9 Rank* Rank** 
0 10% 227.964 士 43.674 x 196.106 士 77.719 x 259.214 士 54.775 x a, a, a 0 50% 146.861 士 7.365 x 389.832 士 124.885 y 274.393 士 70.402 x a,b,ab 1 00% 264.361 ±48.755 x 288.985 士 89.149 xy 509.183 ± 142.152 y _ _ a , a , b 
h w i D ^ T b R a n k * D ^ Rank* Day 9 Rank* Rank** 
0 10% 266.309 士 82.824 y 260.251 士 18.967 x 202.811 士 40.292 x a, a, a 0 50% 400.439 士 37.456 z 230.460 士 41.222 x 300.050 士 58.165 y b, a, a 1 00% 182.591 ±71.223 x 218.136 士 10.980 x 393.754 士 5 8 . 4 8 3 _ _ _ z _ _ a , a , b Rank* Rank* Day 9 Rank* Rank** 
0 10% 130 697 士 49.506 x 140.261 ± 90.895 x 386.945 士 53.767 x a, a, b 
()50% 562.166 士 238.975 y 265.352 士 39.217 xy 259.911 ± 103.804 x b, a, a 
1 00% 970.469 士 103.696 x 354.040 士 98.187 y 215.413 士 7 1 . 8 6 4 _ _ _ x _ _ r W \ D ^ R a n k * Rank* Day 9 Rank* Rank** 
0 10% 163.953 ±9.213 x 137.000 ± 3.125 x 278.093 士 48.443 x a, a, b 
0 50% 242.720 士 23.224 y 253.053 士 20.062 y 269.133 ± 36.125 x a, a, a 
1 00% ^17 14^41 .265 z 387.893 士 39.202 z 331.775 ± 8 6 . 2 7 6 _ _ x _ a, b, ab 
H ^ I Rank* Rank* Day 9 Rank* Rank** 
0 Km 140 597 士 24.679 x 162.955 士 20.899 x 174.405 士 11.674 x a, a, a 0 50% 237.606 ± 29.036 y 140.745 士 29.489 x 178.525 ± 60.628 x b, a, ab 
1 00% 力4.574 士 81.526 y 188.309 士 8.575 x 204.012 ± 4 4 . 9 4 6 _ _ x _ _ W 
L C W D ^ l R a n k * D ^ Rank* Day 9 Rank* Rank" 
0 10% 148.865 ±56.120 x 194.019 ± 43.524 x 194.810 ± 80.845 x a, a, a 
0 50% 161.482 ±44.187 x 182.150 士 36.183 x 159.209 ± 24.656 x a, a, a 
I i.qqo/o I 170.846 士 17.535 | x 1 215.780 ± 68.219 x 215.349 士 71.853 x a, a? a * Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A12 Chapter 3.3 Concentrations of zinc accumulation in liver of Tilapia after exposure to 
different sediment. Control was no sediment exposure. 
Day 3 Day 6 Day 9 
Control 125.863 ± 17.837 118.808 ± 15.053 153.800 士 27.970 KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 552.917 ± 148.483 x 228.843 士 97.285 x 304.496 ± 150.951 x b, a, ab 
0.50% 575.183 士 459.246 x 165.500 ± 49.116 x 286.195 士 75.937 x b, a，ab 
1.00% 375.865 士 251.680 x 238.828 士 67.519 x 147.911 士 41.315 x a，a, a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 215.462 士 35.916 x 174.428 士 9.057 x 310.280 士 33.139 x a，a，a 
0.50% 269.043 ± 114.758 x 225.596 ± 109.051 x 295.542 ± 58.471 x a, a, a 
1.00% 564.870 士 425.170 x 526.704 士 27.933 y 555.257 ± 268.209 x a，a, a 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 186.422 士 13.455 x 159.678 士 67.541 x 434.197 士 62.318 y a，a, b 
0.50% 115.552 士 7.757 x 195.798 ± 72.908 x 255.848 ± 116.056 x a, ab, b 
1,00% 160.534 士 46.796 x 307.454 士 56.434 y 370.490 士 87.186 y a, b, b 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 100.538 士 42.273 x 404.237 士 29.051 y 309.091 士 35.340 x a，c, b 
0.50% 247.699 士 111.949 y 185.947 士 41.042 x 667.291 士 45.309 y a,a，b 1.00% 354.253 士 71.380 z 409.573 士 6.715 y 796.089 士 54.851 z a, a，b 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 187.662 士 57.640 x 283.864 ± 97.622 y 202.193 士 102.299 x a, a, a 0.50% 197.099 ±82.454 x 131.064 士 77.873 x 245.587 士 53.004 x a, a, a 1.00% 197.647 ±77.173 x 156.997 士 65.236 x 209.275 士 68.104 x a, a, a 
TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 76.001 ±31.355 x 393.574 士 113.622 y 166.487 ± 19.651 x a, b, a 
0.50% 112.267 ±36.470 x 119.844 ± 56.271 x 199.402 ± 77.022 xy a, a, a 
1.00% 222.773 士 114.885 x 356.789 士 221.338 y 337.464 ± 96.696 y a, a, a 
FT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 158.146 士 28.857 x 153.618 士 21.505 x 209.696 士 32.656 x a, a，b 0.50% 165.608 士 18.578 x 164.850 ± 22.026 x 266.896 士 25.365 y a, a, b 1.00% 183.773 士 8.923 x 261.191 ± 22.707 y 316.929 士 26.506 z a, b, c WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 139.751 士 31.970 x 156.347 ± 33.745 x 147.697 士 30.836 x a, a, a 0.50% 231.272 ±24.385 x 193.702 ± 63.593 x 210.551 士 114.105 x a, a, a 1.00% 175.959 ±92.643 x 377.306 士 117.497 y 170.023 ± 30.307 x a, b, a 
LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 130.185 ±7.072 x 156.640 ± 40.875 x 144.632 士 99.201 x a, a, a 0.50% 199.005 ±70.633 x 183.412 士 16.761 x 147.153 ± 42.182 x a, a, a 
1.00% 213.396 ±45.790 x 216.938 士 46.632 x 222.744 ± 50.759 x | a, a, a 
* Ranks were compared within the same duration of exposure. (P < 0.05) 
** Ranks were compared within the same concentration of exposure. (P < 0.05) 
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Table A13 Chapter 3.3 Concentrations of zinc accumulation in muscle of Tilapia after exposure to different sediment. Control was no sediment exposure. Day 3 Day 6 Day 9 I Control 97.611 士 40.322 91.375 士 26.497 125.717 ± 14.121 
KLC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 124.624 士 40.992 x 62.094 ± 15.195 x 120.088 士 37.744 x a, a, a 
0.50% 181.070 士 69.767 x 198.012 士 60.046 y 177.949 ± 108.531 x a, a, a 
I 1 00% 110.432 士 14.313 x 137.022 士 57.960 xy 114.376 ± 48.314 x a, a, a 
KT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 64.224 士 17.996 x 164.272 士 54.628 x 122.261 士 11.140 x a, b, ab 
0.50% 147.163 ±22.523 y 135.764 ± 38.828 x 192.992 士 70.212 x a, a, a 
I 1 . 0 0 % 3 3 6 . 1 1 8 士 1 6 . 1 8 3 z 3 5 9 . 2 0 6 士 3 5 . 0 1 3 y 4 3 5 . 8 3 9 士 8 8 . 6 0 5 y a , a，b 
WC Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 168.219 ±20.322 x 131.664 士 4.566 x 193.800 士 48.206 xy ab, a, b 
0.50% 145.682 士 17.916 x 141.467 士 40.410 x 153.877 士 35.848 x a, a, a 1.00% 179.352 士 20.319 x 158.907 士 35.666 x 216.856 士 71.670 y a, a, a 
LFS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
: 0.10% 106.916 士 2.664 x 164.626 士 11.297 x 223.683 ± 88.307 x a, ab, b 
0.50% 164.998 ± 10.255 x 154.576 士 54.105 x 227.608 士 80.359 x a, a, a I l.OQQ/o 1 7 8 . 2 7 0 士 3 2 . 3 1 8 x 1 1 8 . 3 1 1 ± 4 2 . 4 0 1 x 5 0 9 . 2 3 2 士 1 0 . 2 1 2 y a，a,b 
SBR Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 129.778±3.150 y 153.522 ± 11.910 y 147.714 ± 8.346 x a, a, a 
0.50% 122.197 士 31.817 xy 105.364 ± 23.263 x 205.030 士 25.333 y a, a, b 1.00% 84.355 ± 18.589 x 119.575 ± 52.429 xy 166.707 ± 39.312 xy a, a, b 
TBT Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
I. 0.10% 112.955 士 5.599 x 143.004 士 22.716 x 154.618 士 47.866 x a, a, a 0.50% 88.818 士 3.165 x 133.167 士 43.592 x 163.817 士 31.110 x a, ab, b l.OQQ/o 153.925 士 44.686 x 105.100 士 32.694 x 191.655 士 93.072 x ab, a，b 
~~Yr Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 150.682 ± 16.317 x 172.939 ± 37.830 x 138.558 ± 28.695 x a, a, a 
0.50% 174.552 ± 19.756 x 169.581 士 5.503 x 269.714 士 19.755 y a，a, b l'oQQ/o 234.561 ±73.325 y 272.515 士 9.628 y 285.057 士 29.940 y a, a, a WKS Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 125.029 ±25.902 x 111.108 ± 49.214 x 153.421 士 30.515 x a, a, a 0.50% 139.527 ±32.779 x 131.602 士 38.903 x 108.449 士 24.524 x a, a, a I i.oqo/o 196.281 士 23.803 x 160.749 士 19.438 x 140.715 士 28.335 x b, ab，a LCW Day 3 Rank* Day 6 Rank* Day 9 Rank* Rank** 
0.10% 105.697 士 17.307 x 95.611 ± 14.352 x 134.722 士 45.133 x a, a, a 0.50% 101.684 士 51.750 x 92.414 ± 55.856 x 109.309 ± 55.951 x a, a, a 
l .OQQ/o 142.544 士 51.405 I x 81.318 ± 53.478 x 73.659 士 26.346 x a, a, a * Ranks were compared within the same duration of exposure. (P < 0.05) ** Ranks were compared within 
the same concentration of exposure. (P < 0.05) 
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Chapter 4.2.3.3 Real time PCR 
Calculation: Comparative Ct Method 
The amount of target normalized to an endogenous reference and relative to a calibrator, is give by: 
厶厶CT Ex: 1% KT day 9exposure in CYP1A of liver 
I Samples 18S CYP1A 厶 C T 
A 17.93 26.43 8.50 “ 
I B 19.22 27.88 8.66 “ 
I C 18.74 25.92 7.18 “ 
I D 18.76 26.83 8.07 — 
E R 9 9 2 6 M 7 J 5 ~ ~ 
CYP1A average AC T was 7.912土0.715 
CYP1A control Tilapia (unexposed) 9.72±0.83 
A AC t =7.912-9.72 = -1.808 
I Fold induction = 2 ' a a C T = 2+ 1 8 0 8 ) = 3.502 fold 
Standard deviation (S): 
I S = , ^ 2 + 822) 
51 = standard deviation of reference gene (18S) 
5 2 = standard deviation of target gene for analysis (MT/CYP1A) 
In the above case (KT 1% day 9 liver, CYP1A) 
Si (18¾ = 0.49 
S 2(CYP1A) = 0.77 
Standard deviation for fold induction = 
f (0.492 + 0.772) = 0.91 
The fold induction ofCYPlA in liver of Tilapia after 9 days exposure to 1% KT sediments with respected 
to control was 3.502 土 0.91. 
234 
Chapter 4.2.3.3 Real time PCR 
Validation Experiments 
Before using Comparative C T Method, a validation experiment was needed to preformed to demonstrate 
the efficiencies of target (MT/CYP1A) and reference (18S) are approximately equal. The absolute value 
of the slope of log input amount vs. A C T should be <0.1. In Figure, control liver samples were 
analyzed with 18S and MT. Serial dilutions to 10-, 20-, 50- and 100-fold dilution of cDNA samples as 
the input amount (the log results were -1.00，-1.30, -1.70,and -2.0 respectively). The slope in the figure is 0.0803, which passes the test. Once this was proven, Comparative C T Method can be used for the relative quantitation of target without running standard curves on the same plate. 
Relative Efficiency plot MT & 18s 
fe 1 3 5 1 • ACT 
I 叫 S 12.5-1 T T T j e g … J CO 12.0-1 
i 1 1 1 H I 
1 1 1 1 丄丄 y=0.0803x+11.724 •Q 10.5-1 J 
\ & lo.oj R2=0.423 
< 9.5-I 1 1 1 1 1 
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 
log total RNA 
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